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Sir: 



I, HAROLD W. KROTO, declare and say as follows: 

1 . I am currently a Professor in the Department of Chemistry and Biochemistry at 
the Florida State University in Tallahassee, Florida. I am also the Royal Society Research 
Professor in the School of Chemistry and Molecular Sciences at the University of Sussex, 
Brighton, United Kingdom (one of only twenty such appointments in the United Kingdom). 
Further, I am a visiting Professor at UCSB. Moreover, I have been awarded over one dozen 
honorary degrees from various universities. In 1996, 1, along with Robert Curl and Richard 
Smalley, received the Nobel Prize in Chemistry for our discovery of fullerenes. Earlier that year, 
I was also awarded Knighthood for my contributions to chemistry. For the convenience of the 
United States Patent and Trademark Office, I have attached hereto as Exhibit 1 my curriculum 
vitae, which describe my credentials and demonstrate my expertise in the area of fullerenes. 
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2. I am intimately familiar with the literature concerning and was personally 
involved in the search for, C6o and other fullerenes. I have written several articles on the subject, 
as evidenced by the publications listed in Exhibit 2, including the first definitive and only 
complete review on the subject in Kroto 5 et aL, in Chemical Review 1991 , 91, 1213 - 1235. I 
therefore believe that I am among the recognized experts on the subject of fullerenes. 

3. In preparing this Declaration, I have read and reviewed the subject patent 
application, i.e., USSN 08/236 5 933 in its entirety (" '933 application"), including the pending 
claims, which are directed to, among other things, a process for making C6oand C70 in 
macroscopic amounts. I have been advised that there is a companion application, USSN 486,669 
(" 4 669 application"), on file in the United States Patent and Trademark Office. I have also been 
advised that, except for the claims, the disclosure in the '669 application is identical to that of the 
'933 application. It is my understanding that the claims in the '669 application are directed to, 
among other things, a process for making fullerenes in macroscopic amounts. I have also been 
advised of the pendency of two additional applications, namely USSN 580,246 (" '246 
application") and USSN 471,890 (" '890 application"). It is my understanding that the claims of 
the '246 application are directed to, among other things, C60 and C70 in macroscopic amounts, 
while the claims of the '890 application are directed to, among other things, fullerenes in 
macroscopic amounts. It is my further understanding that, except for the claims, the respective 
disclosures are not only identical, but are also identical to the disclosure of the '933 application. 

I have been instructed to review the '933 application as one of ordinary skill in the art would 
read the application on August 30, 1990. 

4. It is my opinion that the term "macroscopic amounts", as used in the claims of 
the '933 application, was clearly understood by one of ordinary skill in the art in 1990 at the time 
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of the filing of the first application in the lineage. It is my understanding that this term in the 
claims of the '933 application is used in its plain and ordinary meaning to connote that the 
process described therein produces fullerenes, including, for example, Ceo, in amounts, which 
can be seen easily with the naked eye. This is consistent with the definition of "macroscopic", as 
defined in the McGraw Hill Dictionary of Scientific Terms, 4 th ed., p.l 125, 1989, where the term 
is defined as "large enough to be observed by the naked eye," and in Hackh's Chemical 
Dictionary, 4 th ed., wherein it defines "macroscopic" as describing "objects visible to the naked 
eye." 

5. "Fullerenes", in my opinion, is a term of art that is also widely understood by the 
scientific community; it was adopted to conveniently describe the family of caged carbon 
molecules, as exemplified by Ceo* See , e.g. the section entitled "Fullerene" in the Concise 
Encyclopedia of Science and Technology, 3rd ed., Sybil P. Parker, ed., McGraw Hill, NY, NY, 
p.819 (1994), attached hereto as Exhibit 3. This section, which I prepared, defines fullerenes as 
an even number of carbon atoms arranged in a closed hollow cage, and specifically exemplifies 
fullerene-60 or C6o, as a species of fullerenes. However, there are other species of fullerenes, 
and many of those can and have been prepared by the process described in the '933 application 
in macroscopic amounts. 

6. This Declaration supplements (and is not intended to replace) the previous 
Declarations, which were executed on July 27, 1995 and June 9, 1995, and November 16, 1999, 
the contents of all of which are incorporated herein by reference. 

7. I have been requested by applicants' attorney to supplement the Declarations 
identified in Paragraph 6. In particular, I have been asked to repeat the experiments as described 
in the '933 application and to describe in more detail, relative to the aforementioned 
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Declarations, the protocols used and the evidence obtained therefrom that show that fullerenes, 
for example, Ceo and C70, are produced, in accordance with the teachings in the '933 application, 
in macroscopic amounts. 

8. In particular, I have been requested by applicants' attorney to prepare the 
fullerenes in accordance with the procedure described in the '933 application at two different 
pressures, viz., at 1 00 torr and 2 atm pressure. 

9. I have repeated the experiments described in the '933 application several times 
prior to the most recent request by applicants' attorney, and as indicated in my earlier testimony, 
macroscopic amounts of C60 and C70 and other fullerenes have been produced in accordance with 
the procedure described therein. This testimony in this Declaration confirms my earlier 
testimony provided in the aforementioned Declarations. 

10. Initially, it is to be noted, that the bell jar apparatus, described in the '933 
application, is no longer being utilized today; thus the apparatus for preparing fullerenes had to 
be set up, in accordance with the teachings in the '933 application, before experiments in this 
endeavor were commenced. 

1 1 . Moreover, I no longer am conducting research in the fiillerene area. In particular, 
my laboratory is no longer equipped to produce fullerenes. 

12. I so advised applicants' counsel, and it was agreed that I would coordinate the 
performance of the requested experiments by colleagues of mine. 

13. I instructed Mauricio Terrones in Mexico ("Dr. Terrones") to prepare the soot in 
accordance with the procedure described in the '933 application and especially Example 1 in the 
'933 application. 
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14. Dr. Terrones set up the bell jar apparatus as described in the '933 application for 
the vaporization of the graphite rods. It is my understanding that this bell jar apparatus used by 
Dr. Terrones was identical in every way to the bell jar apparatus described in the '933 
application. However, it had one constraint. The vaporization to form the soot could only be 
conducted for at most about 2 minutes per run at 1 00 ton*. Moreover, to conduct the vaporization 
at the higher pressure, i.e., 2 atm, the bell jar apparatus was modified by replacing the glass cover 
with an aluminum cover, which was adopted with stoppers and bolts/nuts to keep the aluminum 
cover in place (hereinafter this modified bell jar apparatus will be referred to as an "aluminum 
reactor"). This aluminum reactor was equivalent to the bell jar apparatus described in the '933 
application. However, this aluminum reactor also had the same constraints, as the bell jar 
apparatus described above, except that vaporization conducted at 2 atm was performed in two to 
three segments, each no longer than about 25 seconds at a time. 

15. Dr. Terrones conducted the experiments to produce the soot in accordance with 
the procedure described in the '933 application, and especially Examples 1 and 2, thereof, at two 
different pressures, one at 2 atm and the other at 1 00 torr, using a current of about 1 00 amps. Dr. 
Terrones vaporized graphite rods of l A inch in diameter, with a one-centimeter length of the tip of 
each rod being reduced in diameter to about 5 millimeters, at 100 torr and 2 atm, following the 
procedure described in the 4 93 3 application. 

16. In accordance with the procedure described in the c 933 application, Dr. Terrones 
collected 1 gram of soot at the lower pressure by performing several runs at the lower pressure; 
about 100 mg. of soot, on average, was obtained from each run. 

17. In an effort to meet the time schedule imposed by the United States Patent and 
Trademark Office described above, Dr. Terrones did not attempt to collect one gram of soot at 
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the higher pressure, but instead chose to separate the fullerenes that were produced from a run 
conducted at 2 atm. 

18. To economize the time, and to meet the deadline imposed by the United States 
Patent Office, I did not have Dr. Terrones separate the fullerenes from the soot. I decided to 
have the soot produced by Dr. Terrones at the lower pressure forwarded to my colleague, 
Professor Adam Darwish, at Sussex University, for the separation of fullerenes from the soot. In 
this way, there would be a minimum loss of time, as Dr. Darwish would be isolating fullerenes 
from the soot, while Dr. Terrones was effecting the vaporization of graphite at the higher 
pressure. 

19. Dr. Darwish utilized standard chemical techniques to separate the Ceo, C70 m & the 
other fullerenes from the soot, described in the 4 93 3 application and/or known and routine to one 
of ordinary skill in the art in September 1990. Specifically, Dr. Darwish used soxhlet extraction 
and preparative HPLC, which are techniques which were known and routine to one of ordinary 
skill in the art in September 1990. 

20. From the lg sample of soot produced at 100 torr, Dr. Darwish collected 65 mg of 
C6o, crystals, 15 mg of C70 and 1-5 mg of the higher fullerenes (i.e., fullerenes other than Ceo and 
C70 ). Mass spectra data confirmed the products produced. The C60, Cvo, and the total amount of 
the higher fullerenes obtained from the soot produced from the vaporization of graphite at 100 
torr, in accordance with the procedure described in the 4 93 3 application were produced in 
macroscopic amounts. 

21 . Attached hereto as Exhibit 4 is evidence of the Cso produced at the lower pressure 
from the vaporization of graphite in the bell jar apparatus at the lower pressure, produced in 
accordance with the procedure described in the 4 93 3 application. Exhibit 4(a) is the mass 
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spectrum of the Ceo, which verifies that the product is C^o- Moreover, the clean spectra as well 
as the HPLC tracing in Exhibit 4(b) show that the C6o produced is relatively pure. Exhibit 4(c) is 
a photograph of a sample of Ceo dissolved in toluene, and Exhibit 4(d) is a photograph of the 
crystals of Ceo produced at the lower pressure after evaporation of the toluene. As shown in 
Exhibit 4(d), the Ceo produced at the lower pressure was present in macroscopic amounts. In 
fact, 65 mg of the C6o product, which was isolated from the soot produced from the vaporization 
of graphite at 100 torr, can easily be seen with the naked eye. 

22. Attached hereto as Exhibit 5 is evidence of the C70 isolated from the soot at the 
lower pressure from the vaporization of graphite, produced in accordance with the procedure 
described in the '933 application. Exhibit 5(a) is the mass spectrum of the C70 isolated from the 
soot produced from the graphite at 100 torr, confirming that the product produced is C70. 
Moreover, the mass spectrum as well as the HPLC tracing in Exhibit 5(b) show that the C70 
produced is relatively pure. Exhibit 5(c) is a photograph of a sample of C70 dissolved in toluene 
and Exhibit 5(d) is a photograph of a sample of the crystals of C70 produced at the lower pressure 
after evaporation of toluene. As shown by Exhibit 5(d), the C70 produced at the lower pressure 
was present in macroscopic amounts. In fact, 1 5 mg of product, which is the amount of C70 
produced from the soot produced from the vaporization of graphite at 1 00 torr, can easily be seen 
with the naked eye. 

23. The amount of the higher fullerenes (i.e. fullerenes other than C60 and C70) 
collected in total from the soot prepared from the vaporization of graphite at the lower pressure, 
in accordance with the procedure described in the '933 application, was also produced in 
macroscopic amounts; 7 mg of the higher fullerenes, which were collected from the soot 
produced from the vaporization of graphite at 100 torr, also can be seen with the naked eye. 
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From the data, the following fiillerenes were also isolated from the vaporization at the lower 
pressure, the identities of which were confirmed by mass spectra: C7oO, C76, C78, Cs4, Cs6, and 
C90. 

24. Reference is made to Exhibit 6. The upper portion depicts photographs of 
samples of each of the fiillerenes discussed in the previous paragraph dissolved in toluene 
together with photographs of the crystals formed from evaporation of exactly the half volume of 
the toluene solution obtained, except for Cg6, where all the toluene solution was evaporated to 
dryness, while the lower photographs show crystals of each of the fiillerenes discussed in 
Paragraph 24 obtained from the evaporation of toluene. As evidenced by the photographs of the 
crystals of each of these fiillerene products identified in the previous paragraphs, these crystals 
were seen with the naked eye. 

25. Dr. Darwish also separated C 6 o, C70 and higher fiillerenes from the 100-mg. 

sample produced by Professor Terrones when the vaporization was conducted at the higher 

pressure of 2 atm. using a current of 100 amps, following the procedure described in the '933 

« 

application. The discussion in paragraphs 27-3 1 relates to the results of this experiment. 

26. From the 100 mg sample produced at 2 atm and 100 amps, Dr. Darwish obtained 
9 mg or 9% yield of fiillerenes. He isolated 5.0 mg of C60 crystals, 1 .5 mg of C70 crystals and 1 .0 
mg of higher fiillerenes from the soot. 

27. The mass spectrum of the C60 sample produced at 2 atm is depicted in Exhibit 7, 
confirming that C60 was produced and was relatively pure. A sample was dissolved in toluene, 
and when the toluene was evaporated, C60 crystals were collected. Exhibit 7 also includes a 
photograph of the C60 dissolved in the toluene solution and a photograph of the Ceo crystals 
obtained from the evaporation of toluene. Thus, as shown by the photograph of the C60 crystals 



C:\DOCUME~l\hamida\LOCALS~l\Tcmp\Dcct. of Harold Kroto3z.doc 



in Exhibit 7, C6o was isolated in macroscopic amounts from the 100 mg sample of soot produced 
by Dr. Terrones from the vaporization of graphite at the higher pressure, prepared in accordance 
with the procedure described in the '933 application. 

28. The mass spectrum of the C70 sample produced at 2 atm is depicted in Exhibit 8, 
confirming that the C70 that was produced was relatively pure. A sample of the C70 was 
dissolved in toluene and when the toluene was evaporated, C70 crystals were produced. Figure 8 
also includes a photograph of a sample of C70 solution in toluene and a photograph of the C70 
crystals produced after evaporation of the toluene. Thus, as shown by the photograph in Exhibit 
8, the C70 crystals can be seen with the naked eye. Thus, C70 was isolated in macroscopic 
amounts from the 100 mg sample of soot produced from the vaporization of graphite at 2 atm, 
prepared in accordance with the procedure described in the '933 application. 

29. Besides Cso and Cw, higher fullerenes ("HFs") were produced. In fact, the mass 
spectrum provides evidence that higher fullerenes up to C 104 were produced at the higher 
pressure. A copy of the mass spectrum is attached hereto as Exhibit 9. A sample of the higher 
fullerenes, obtained from the 100 mg sample of soot that was obtained from the vaporization of 
soot at 2 atm, was dissolved in toluene and when the toluene was evaporated, crystals of the 
higher fullerenes were produced. Exhibit 9 also includes a photograph of a sample of the higher 
fullerenes dissolved in toluene and a photograph of the solid crystals that were formed after 
evaporation of the solvent. The photograph shows crystals of higher fullerenes that can be seen 
with the naked eye. Thus, macroscopic amounts of the higher fullerenes were obtained from the 
vaporization of graphite at 2 atm, prepared in accordance with the procedure described in the 
'933 application. 
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30. Exhibit 10 depicts the photographs of Ceo, C70 and the higher fullerenes in 
solution in toluene that were isolated from the 100 mg sample of soot produced from the 
vaporization of graphite at 2 atm pressure, prepared in accordance with the procedure described 
in the 6 93 3 application and the photographs of crystals of Ceo, C70 and the higher fullerenes that 
were obtained after evaporation of the toluene. Inasmuch as the crystals of C6o, C70, and the 
higher fullerenes were visible, as evidenced by the photographs in Exhibit 10, the C60, C70 and 
higher fullerenes were produced in macroscopic amounts from the vaporization of graphite at the 
higher pressure, prepared in accordance with the procedure described in the '933 application. 

31. It is observed that the bell jar apparatus and the aluminum reactor were both 
limited by the constraint that only permitted the vaporization to be conducted for a limited time 
before the vaporization had to be stopped. Nevertheless, even with this constraint, in the present 
circumstances, the process described in the '933 application produced macroscopic amounts of 
C6o> C70 and higher fullerenes when the process was conducted at both the lower pressures of 100 
torr and at the higher pressure of 2 atm. 

32. As shown by the data produced by the experiments conducted in accordance with 
the process described in the '933 application, as described herein, C60 and C70 and other 
fullerenes produced were obtained in amounts that could be seen with the naked eye. The Ceo, 
C70 and the higher fullerenes were produced in macroscopic amounts. See Exhibits 4-10. 

33. Thus, by following the procedure described in the '933 application, the evidence 
provided herein shows that the process described in the application produces several species of 
fullerenes, including Ceo, C70 and higher fullerenes in macroscopic amounts, both at the lower 
pressure, i.e., 100 torr, and at the higher pressure, 2 atm. 



10 
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34. Moreover, the results described hereinabove show that a high yield of fiillerenes 
is recovered from the soot prepared in accordance with the procedure described in the '933 
application; approximately 10% of the soot was comprised of fullerenes. This is still among the 
highest yield of fullerenes obtained from soot to date. From the mass spectrum, it is evident that 
fullerenes other than those characterized herein were present in the soot, macroscopic amounts of 
these other fullerenes may be isolated if additional runs were performed. 

35. The soot was prepared by Dr. Terrones merely following the procedure described 
in the '933 application, especially Examples 1 and 2; there was no undue amount of 
experimentation in the preparation thereof Further, the separation of macroscopic amounts of 
fullerenes including Ceo and C70 from the soot was routine to one of ordinary skill in the art on 
August 30, 1990. Thus, the process described in the '933 application is sufficiently detailed for 
the skilled artisan on August 30, 1990 to prepare macroscopic amounts of C60 and C70, without 
undue experimentation. 

36. The realization by Huffman and Kratschmer of macroscopic quantities of 
fullerene, e.g., C60 and C70 and the isolation and characterization of same, e.g., Ceo and C70 by the 
methods described in the '933 application are recognized by the knowledgeable scientific 
community as a long awaited and much needed breakthrough; it was surprising that relatively 
high yields of fullerenes, such as Ceo, could be achieved by these methods. The difficulties that 
existed in the quest for Ceo are well elaborated in the article entitled "Fullerenes" by Robert F. 
Curl and Richard E. Smalley, printed in Scientific American , Oct. 1991, pp. 54-62 attached 
hereto as Exhibit 1 1 . 

37. Although the discovery described in the Huffman and Kratschmer application 
may seem simplistic to the uninformed, especially in hindsight, their discovery was quite 
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remarkable. The Kratschmer and Huffman method described in the '933 application is all the 
more remarkable for the fact that so simple a procedure so readily produces large amounts of 
fullerenes. This is readily appreciated if one considers the historical perspective. Even since the 
detection of Ceo by the collaborative efforts of the Smalley and Kroto groups in 1985, as 
described in the article in Nature , 1985 , 318, 162-163, attached hereto as Exhibit 12, experts, 
such as Drs. Smalley and myself, both together and separately worked to prepare fullerenes on a 
larger scale. For five long years, many attempts were tried, but each was unsuccessful. Finally, 
to my expert knowledge, one group, Huffman and Kratschmer, was the first to find and publish a 
methodology capable of producing and isolating fullerenes, such as C^, in macroscopic 
amounts. This methodology is described in the '933 application and satisfied a long felt need in 
this area. 

38. The scientific community has unanimously and unequivocally acknowledged and 
recognized that Kratschmer and Huffman were the first to have developed a process for 
preparing and isolating fullerenes, e.g., C6o, in macroscopic amounts, and were the first to isolate 
the fullerenes, e.g., Ceo, in macroscopic amounts and in consequence thereof has presented them 
with several awards. Even the press release by the Royal Swedish Academy of Sciences 
regarding the Nobel Prize in Chemistry in 1996, attached hereto as Exhibit 13, recognized the 
contribution of Huffman and Kratschmer by acknowledging that these two scientists for the first 
time produced "isolable quantities of C6o". (See Page 2 of Exhibit 13). As stated in the press 
release: 

[t]hey obtained a mixture of Ceo and C70 the 
structures of which could be determined... The way was thus open 
for studying the chemical properties of Ceo and other carbon 
clusters such as C70, Cie, C78 and Cs4...An entirely new branch of 
chemistry developed with consequences in such diverse areas as 
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astrochemistry, superconductivity and materials 
chemistry/physics. 

39. Thus, in my opinion, the '933 application describes a process for preparing 
fullerenes, including C6o, in macroscopic amounts and the process described therein provides 
sufficient detail for an ordinary skilled artisan in August 1990 to make the same in the absence of 
undue amount of experimentation. 

40. I further declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment or both under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 
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CURRICULUM VITAE 

Part A 

Professor Sir Harold Kroto FRS 

Bom 1939 Wisbech Cambridgeshire, educated Bolton School. BSc (First class honours degree 
Chemistry, 1961) and a PhD (Molecular Spectroscopy, 1964) University of Sheffield. Postdoctoral 
work at the National Research Council (Ottawa, Canada 1964-66) and Bell Telephone Laboratories 
(Murray Hill, NJ USA 1966-67); Tutorial Fellow 1967, lecturer 1968, Reader 1977University of Sussex 
(Brighton) in 1967. He became a professor in 1985 and a Royal Society Research Professor in 1991. 
In 1996 he was knighted for his contributions to chemistry and later that year, together with Robert Curl 
and Richard Smalley (of Rice University, Houston, Texas), received the Nobel Prize for Chemistry for 
the discovery of C50 Buckminsterfullerene a new form of carbon. 

Research fields cover several major topics: 

1) (1961-1970) Electronic spectroscopy of free radicals and unstable intermediates in the gas 
phase, ii) Raman spectroscopy of intermolecular interactions in the liquid phase and iii) 
Theoretical studies of electronic properties ground and excited states of small molecules and 
free radicals. 

2) (1970-1980) Research focused on the creation of new molecules with multiple bonds between 
carbon and elements, mainly of the second and third row of the Periodic Table (S, Se and P), 
which were reluctant to form such a link. These studies showed that many of these previously 
assumed impossible species could be produced, studied by spectroscopy and used as 
valuable synthons leading to a wide class of new phosphorus containing compounds. In 
particular the spectroscopic studies of molecules with carbon-phosphorus multiple bonds (C=P 
and C=P) were the pioneering studies that initiated the now prolific field of 
Phosphaalkene/alkyne Chemistry. 

3) (1975-1980) Laboratory and radioastronomy studies on long linear carbon chain molecules 
(the cyanopolyynes) led to the surprising discovery (by radioastronomy) that they existed in 
interstellar space and also in stars. Since these first observations the carbon chains have 
become a major area of modern research by molecular spectroscopists and astronomers 
interested in the chemistry of space. f 

4) (1985-1990) The revelation (1975-1980) that long chain molecules existed in space could not 
be explained by the then accepted ideas on interstellar chemistry and it was during attempts to 
rationalise their abundance that C§$ Buckminsterfullerene was discovered. Laboratory 
experiments at Rice University, which simulated the chemical reactions in the atmospheres of 
red giant carbon stars, serendipitously revealed the fact that the Cqq molecule could self- 
assemble. This ability to self-assemble has completely changed our perspective on the 
nanoscale behaviour of graphite in particular and sheet materials in general. The molecule 
was subsequently isolated independently at Sussex and structurally characterised. 

5) (1990-) Present research focuses on Fullerene chemistry and the nanoscale structure of new 
materials, in particular nanbtubes. This has led to a wide range of new nanostructured 
materials the first insulated nanowires and new perspectives on the mechanism of nanotube 
formation. 

Key collaborations: With D R M Walton (Sussex), T Oka, L Avery, N Broten and J MacLeod (NRC 
. Ottawa) on carbon chain molecules in the laboratory and space; J F Nixon on phosphaalkene/alkyne 
chemistry (at Sussex); with J P Hare, P R Birkett, A Darwish, M Terrones, W K Hsu, N Grobert, Y Q 
Zhu, R Taylor and D R M Walton on Fullerene chemistry and nanostructures (at Sussex); with R F Curt, 
J R Heath, S C O'Brien, Y Liu and R E Smalley (at Rice University Texas) on the discovery of 
Buckminsterfullerene. 

Education: Chairman of the board of the Vega Science Trust which is produces science programmes 
for network television. 75 have been made and so far 55 have been broadcast on the BBC Learning 
Zone educational slot. Member of National Advisory Committee on Cultural and Creative Education. 

Scientific Awards etc: Tilden Lectureship of the RSC (1981); International Prize for New Materials by 
the American Physical Society (shared 1992 with Robert Curl and Richard Smalley); Italgas Prize for 
Innovation fn Chemistry (1992); Royal Society of Chemistry Longstaff Medal (1993); Hewlett Packard 
Europhysics Prize (shared with Wolfgang Kraetschmer, Don Huffman and Richard Smalley 1994); 
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Nobel Prize for Chemistry in 1996 (shared with Robert Curt and Richard Smalley); American Carbon 
Society Medal for Achievement in Carbon Science (shared with Robert Curt and Richard Smalley 1997); 
Blackett Lecturship 1999 (Royal Society); Faraday Award and Lecture 2001 (Royal Society). Dalton 
Medal 1998 (Manchester Lit and Phil), Erasmus Medal of Academia Europaea, loannes Marcus Marci 
Medal 2000 (Prague) for contributions to molecular spectroscopy. 

Fellowships etc: Fellow of the Royal Society (1990), Fellow of the Royal Society of Chemistry; 
President of the Royal Society of Chemistry (2002-2004), Mexican Academy of Science; Member 
Academia Europaea (1993); Hon. Foreign Member Korean Academy of Science and Technology 
(KAST) (1997); Hon. Fellow of the Royal Microscopical Society (1998); Hon. Fellow of the Royal 
Society of Edinburgh (1998); Hon Fellow of the RSC (2000). 

Honorary degrees: University Libre (Bruxelles), Stockholm (Sweden), Limburg (Belgium), Sheffield, 
Kingston, Sussex, Helsinki (Finland), Nottingham, Yokohama City (Japan), Sheffield-Hallam, 
Aberdeen, Leicester, Aveiro (Portugal), Bielefeld Germany), Hull, Manchester Metropolitan, Exeter, 
Hong Kong City (China), Gustavus Adoiphus College (Minnesota, USA), University College London, 
Patras (Greece). Halifax (NovaScotia, Canada), Strathclyde; Hon Fellowship: Bolton Institute. 

Graphic design work has resulted in numerous posters, letterheads, logos, book/journal covers, 
medal design etc. Awards: Sunday Times Book Jacket Design competition (1964) and more 
recently the Moet Hennessy/Louis Vuitton Science pour I'Art Prize (1994). Citation in the 
international design annual "Modern Publicity" (1979) for the cover of "Chemistry at Sussex" 

TV/Internet Science Programmes: Prix Leonardo Bronze Medal (2001); Chemical Industries 
Association (Presidents prize short Iist1998 and 1999) 
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General Information Hi C.V. Part B 



Harry Kroto's Curriculum Vitae 

Part B - Harry's main research intrests and research 

highlights 

Main research areas: 

I Spectroscopy of Unstable Species and Reaction Intermediates 
(Infrared, Photoelectron, Microwave and Mass Spectrometry) 

II Astrophysics (Interstellar Molecules and Circumstellar Dust) 

III Cluster Science (Carbon and Metal Clusters, Microparticles, 
Nanofibres) 

IV Fullerene Chemistry, Nanoscience and Nanotechnology 

Research Highlights (Ref Nos - Key Refs List) 

a) First detection of *A state of a polyatomic free radical (NCN by flash 
photolysis) [3,4] 

b) Theoretical studies of ground and electronically excited sates of small 
molecules [5,6] 

c) Detection of liquid phase intermolecular interactions using Raman 
Spectroscopy [ 7-10] 

d) Breakthrough in the detection of new unstable species (thioaldehydes, 
thiocarbonyls thioborines) using combination of microwave and 
photoelectron spectroscopy techniques [12,15,18-22,31,80] 

e) Synthesis in 1976 of the first phoaphaalkenes (compounds containing 
the free carbon phosphorus double bond) in particular CH2=PH (with 
N P C Simmons and J F Nixon, Sussex), [28, 80] 

f) Monograph "Molecular Rotation Spectra" [23] 

g) Synthesis in 1976 of the first analogues of HCP, the phosphaalkynes 
which contain the carbon phoshorus triple bond - in particular CH3CP 
(with N P C Simmons and J F Nixon, Sussex), [29,80] 

h) The discovery (1976-8) of the cyanopolyynes, HCnN (n=5,7,9), in 
interstellar space (with D R M Walton A J Alexander and C Kirby 
(Sussex) and T Oka, L W Avery, N W Broten and J M MacLeod (NRC 
Ottawa)), Ref 4-6, based on microwave measurements made at 
Sussex, [27,30,35,80] 

i) The discovery of C60: Buckminsterfullerene in 1985 (with J R Heath, S 
C O'Brien, R F Curl and R E Smalley), [100,112,139,239] 

j) The detection of endohedral metallofullerene complexes (with J R 
Heath, S C O'Brien, Q Zhang, Y Liu, R F Curl, F K Tittel and R E 
Smalley), [101,139] 
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k) The prediction that C60 should be produced in combustion processes 
and might indicate how soot is formed (with Q L Zhang, S C O'Brien, J 
R Heath, Y Liu, R F Curl and R E Smalley) [103,139] 

I) The explanation of why C70 is the second stable fullerene (after C60) 
and the discovery of the Pentagon Isolation Rule as a criterion for 
fullerene stability in general [107,112,139,239] 

m) The prediction of the tetrahedral structure of C28 and the possible 
stability of "tetravalenf derivatives such as C28H4 [107,112,139,239] 

n) The prediction that giant fullerenes have quasi-icosahedral shapes and 
the detailed structure of concentric shell graphite microparticles (with 
K G McKay), [111,112,139,239] 

o) The mass spectrometric identification and solvent extraction (with J P 
Hare and A Abdul-Sada) of C60 from arc processed carbon in 1990 - 
Independently from and simultaneously with the Heidelberg/Tucson 
group; Refs [121,239] 

p) The chromatographic separation/purification of C60 and C70 and 13C 
NMR measurements which provided unequivocal proof that these 
species had fullerene cage structures (with J P Hare and R Taylor, 
Sussex), Refs [121,139,239] 

q) Crystal structure of C60 [135,138] 

r) Main Fullerene chemistry breakthroughs: C60(ferrocene)2 [162], 
characterisation of C60Hal6 [174,149], C60(P4)2 [187], [192] 

s) Nanoscience and Nanotechnology advances: Condensed phase 
nanotubes [205], nanoscale BN structures [224], partly aligned- 
nanotube bundles [233], nanotube formation mechanisms [161,238], 
silicon oxide nanostructures [247], Si surface-deposited fullererene 
studies [251], insulated carbon nanotube conductors [297] 

NB General review refs underlined 
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General Information 




Publication List 



Publications: 1963 To 2002 



As the publication list is large It has been broken down chronologically into four 

parts 

The first part 1963 - 1984, is contained on this page, if however you are looking for 
information on other years please click one of the following links: 

Years: 1 963 - 1 984 1 985 - 1 993 1 994 - 2000 2001 - 2002 



1 R N Dixon and H W Kroto, 'High resolution study of the spectrum of the CBr radical', 
Trans Faraday Soc, 59, 1484-1489 (1963). 

2 R N Dixon and H W Kroto, The electronic spectrum of nitrosomethane, CH3NO', L;L 
Proc. Roy. Soc, 283, 423-432 (1965). 

3 H W Kroto, 'Singlet and triplet states of NCN in the flash photolysis of cyanogen 
azide'.U J. Chem. Phys., 44, 831-832 (1966). 

4 H W Kroto, TheG 1 u □I gU electronic spectrum of NCN', Can. J. Phys., 45, 1439- 
1450(1967). 

5 H W Kroto and D P Santry, 'CNDO molecular-orbital theory of molecular structure. I. 
The virtual-orbital approximation to excited states', J. Chem. Phys., 47, 792-797 (1967). 

6 H W Kroto and D P Santry, 'Semiempirical molecular-orbital spectra.!. ILL 
Approximate open-shell theory*, J. Chem. Phys., 47, 2736-2743 (1967). 

7 H W Kroto and Y-H Pao, 'Effect of intermolecular interactions on line shapes and 
depolarization factors of highly polarized Raman lines', J. Optical Society of America, 58, 
479-483 (1968). 

8 H J Clase and H W Kroto, The effect of intermolecular interactions on the isotope 
structures of the Raman bands of CHCI3 , CCI3F andL CC13CN', Mol. Phys., 15, 167-172 
(1968). 

9 PR Carey, H W Kroto and M A Turpin, 'Chlorine isotope effects on the 19F resonance 
of CCI3F and the use of this signal as a reference in high-resolution nuclear magnetic 
resonance', Chem. Comm., 1188 (1969). 

10 H W Kroto and J J C Teixeira-Diaz, Theory of the effect of intermolecular interactions 
on the Raman spectra of liquid CHCI3L and CFCI3 '. Mol. Phys., 16, 773-782 (1970). 

11 H W Kroto, T F Morgan and H H Sheena, 'Flash photolysis of cyanogen azide, NCN3', 
Trans. Faraday Soc, 66, 2237-2243 (1970). 

12 G H King, H W Kroto and R J Suffolk, The photo-electron spectrum of a short-lived 
species in the decomposition products of CS2', Chem. Phys. Letts., 13, 457-458 (1972). 
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13 J P Jesson, H W Kroto and D A Ramsay, 'Quasiplanarity of pyridine in its first excited 
singlet state', J. Chem, Phys., 56, 6257-6258 (1972). 

14 H W Kroto and J J C Teixeira-Dias, The effects Of intermolecular interactions in the 
Raman spectrum of liquid CS2', Specfrochim. Acta., 28A, 1497-1502 (1972). 

15 H W Kroto and R J Suffolk, The photoelectron spectrum of an unstable species in the 
pyrolysis products of dimethyldisulphide', Chem. Phys. Letts., 15, 545-548 (1972). 

16 C C Costain and H W Kroto, 'Microwave spectrum, structure and dipole moment of 
cyanogen azide, NCN3\ Can. J. Phys., 50, 1453-1457 (1972). 

17 A J Careless, M C Green and H W Kroto, The microwave spectrum of trimethylsilyl 
isocyanate (CH3)3SiNCO\ Chem. Phys. Letts., 16, 414-418 (1972). 

18 H W Kroto and R J Suffolk, The photoelectron spectrum of F2CS and fluorine 
substitution shifts', Chem. Phys. Letts., 17, 213-216 (1972). 

19 A J Careless, H W Kroto and B M Landsberg, The microwave spectrum, structure and 
dipole moment of thiocarbonyl fluoride, F2CS', Chem. Phys., 1 , 371 -375 (1 973). 

20 H W Kroto, R J Suffolk and N P C Westwood, The photo-electron spectrum of 
thioborine, HBS', Chem. Phys. Letts., 22, 495-498 (1973). 

21 K Georgiou, H W Kroto and B M Landsberg, 'Microwave spectrum of thioketene, 
H2C=C=S\ Chem. Commun., p739-740 (1974). 

22 H W Kroto, B M Landsberg, R J Suffolk and A Vodden, The photoelectron and 
microwave spectra of the unstable species thioacetaidehyde, CH3CHS, and thioacetone, 
(CH3)2CS\ Chem. Phys. Letts., 29, 265-269 (1974). 

23 H W Kroto, 'Molecular Rotation Spectra', (monograph, pp311) John Wiley, London 
(1975). 

24 A J Careless and H W Kroto, 'Rotational transitions in degenerate vibrational states of 
C3v symmetric top molecules with application to CH3CN',J. Mol. Spectrosc, 57, 189-197 
(1975). 

25 A J Careless and H W Kroto, 'Analysis of the microwave rotation spectrum of silyl 
cyanide, SSH3CN in its ground and vibrational^ excited states', J. Mol. Spectrosc., 57, 198- 
214(1975). 

26 H W Kroto, M F Lappert, M Maier, J B Pedley, M Vidal and M F Guest, The Hel 
photoelectron spectra of mixed boron trihalides and the microwave spectrum of BCIF2', 
Chem. Commun., 810-812 (1975). 

27 L W Avery, N W Broten, J M MacLeod, T Oka and H W Kroto, 'Detection of the heavy 
interstellar molecule cyanodiacetylene', Astrophys. J., 205, L1 73-1 75 (1976). 

28 M J Hopkinson, H W Kroto, J F Nixon and N P C Simmons, The detection of unstable 
molecules by microwave spectroscopy:^ phospha-alkenes CF2=PH, CH2=PCI and 
CH2=PH\ J.C.S. Chem. Comm., 513-515 (1976). 

29 M J Hopkinson, H W Kroto, J F Nixon and N P C Simmons, The detection of the 
reactive molecule 1-phosphapropyne, CH3CL P, by microwave spectroscopy 1 , Chem. Phys. 
Letts., 42, 460-461 (1976). 
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30 A J Alexander, H W Kroto and D R M Walton, The microwave spectrum, substitution 
structure and dipole moment of cyanobutadiyne, HC5N' ( J. Mol. Spectrosc., 62, 175-180 

(1 976) . 

31 HW Kroto and B M Landsberg, The Microwave Spectrum, Substitution Structure, 
Internal Rotation Barrier and Dipole Moment of Thioacetaldehyde, CH3CHS', J. Mol. 
Spectrosc, 62, 346-363 (1 976). 

32 H W Kroto and M Maier, The Microwave Spectrum, Structure and Quadrupole 
Coupling Constants of Boronchloridedifluoride, BC1F2', J. Mol. Spectrosc, 65, 280-288 

(1977) . 

33 D C Frost, H W Kroto, C A McDowell and N P C Westwood, The Hel Photoelectron 
Spectra of the Isoelectronic Molecules, Cyanogenazide NCN3 and Cyanogen isocyanate 
NCNCCT, J. Electron Spectrosc, L 1 1 , 147-156 (1977). 

34 J N Murrell, H W Kroto and M F Guest, 'Double-bonded divalent silicon', J.C.S. Chem. 
Comm., 619-620(1977). 

35 H W Kroto, C Kirby, D R M Walton, L W Avery, N W Broten, J M MacLeod and T Oka, 
The Detection of Cyanohexatriyne, HC7N, in Heiles* Cloud 2', Astrophysics J., 219, L133- 
L137(1978). 

36 H W Kroto, J N Murrell, A Al-Derzi and M F Guest, 'Calculated Structures and 
Microwave Frequencies of HNSi and HSiN, Astrophysical J., 219, 886-890 (1978). 

37 C Kirby and H W Kroto, 'Microwave and Photoelectron Study of cis- and trans- 
Isocyanatoethene CH2=CHNCO (vinylisocyanate)', J. Mol. Spectrosc, 70, 216-228 (1978). 

38 M Hutchinson and H W Kroto, The Microwave Spectrum, Structure and Barrier to 
Internal Rotation of Selenoacetaldehyde, CH3CHSe\ J. Mol. Spectrosc, 70, 347-356 

(1 978) . 

39 H W Kroto, J F Nixon, N P C Simmons and N P C Westwood, 'FCLP, 1- 
Fluorophosphaethyne: Preparation and Detection by Photoelectron and Microwave 
Spectroscopy', J. Am. Chem. Soc, 100, 446-448 (1978). 

40 A J Alexander, H W Kroto, M Maier and D R M Walton, The Microwave Spectra of 
Symmetric Top Polyacetylenes: 1,3,5-Heptatriyne CH3C6H and 1-Cyano-2,4-Pentadiyne 
CH3C4CN', J. Mol. Spectrosc, 70, 84-90 (1978). 

41 C Kirby, H W Kroto and N P C Westwood, The Detection of Chlorothioborine, CIBS, a 
New Unstable Triatomic Molecule by Photoelectron and Microwave Spectroscopy', J. Am. 
Chem. Soc, 100, 3766-3768 (1978). 

42 C Kirby, H W Kroto and M J Taylor, The Detection of the New Reactive Molecule 
Methyl(sulphido)boron CH3BS, by Microwave Spectroscopy', J.C.S. Chem. Comm., 19-20 
(1978). 

43 N W Broten, T Oka, L W Avery, J M MacLeod and H W Kroto, 'The Detection of HC9N 
in Interstellar Space', Astrophys. J., 223, L105-107 (1978). 

44 H W Kroto, 'Chemistry between the Stars', New Scientist 79, 400-403 (1 978); [No.1 1 1 5, 
10 Aug.]. 

45 K Georgiou, B M Landsberg and H W Kroto, The Microwave Spectrum Structure and 
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Dipole Moment of Thioketene CH2=C=S\ J. Mol. Spectrosc, 77, 365-373 (1979). 

46 N P C Westwood, H W Kroto, J F Nixon and N P C Simmons, 'Formation of 1- 
Phosphapropyne CH3CP by Pyrolysis of Ethyl Dichlorophosphine: a He(t) Photoelectron 
Spectroscopic Study', J.C.S. Dalton, 1405-1408 (1979). 

47 H W Kroto, J F Nixon and N P C Simmons, The Microwave Spectrum of 1- 
Phosphapropyne, CH3CLP: Molecular Structure, Dipole Moment and Vibration Rotation 
Analysis', J. Mol. Spectrosc, 77, 270-285 (1979). 

48 H E Hosseini, J F Nixon, H W Kroto, S Brownstein, J R Morton and K F Preston, 'C 1 9F 
and 31 P NMR characterisation of Phospha-alkene and Phbspha-alkyne Intermediates in the 
Hydrolysis of Perfluoroalkyl-phosphines', J.C.S. Chem. Comm., 653-654 (1979). 

49 H E Hosseini, H W Kroto, J F Nixon, O Ohashi, ' 19F and 31 P NMR Characterisation of 
the Phosphaalkene CF3P=CF2, Intermediates in the alkaline hydrolysis of Bis 
(trifluoromethyl) phosphine', J. Organometallic Chem., 181, C1-C3 (1979). 

50 H W Kroto, The Detection of Unstable Species using Microwave, Photoelectron and 
Radioastronomy Techniques', 14th International Symposium on Free Radicals, Sanda, 
Japan., 147-156(1979). 

51 T Cooper, H W Kroto, J F Nixon and O Ohashi, The Detection of C- 
Cyanophosphaethyne NCCP, by Microwave Spectroscopy 1 , J. Chem. Soc. Chem. Comm., 
333-334(1980). 

52 H W Kroto, J F Nixon and N P C Simmons, 'Microwave Spectrum, Structure, Dipole 
Moment and Vibrational Satellites of FCP\ : J J- Mol. Spectrosc. 82, 185-192 (1980). 

53 M Hutchinson, H W Kroto and D R M Walton, 'Rotation-Vibration Analysis of the 
Microwave Spectrum of Cyanobutadiyne, HC5N', J. Mol. Spectrosc, 82, 394-410 (1980). 

54 C Kirby and H W Kroto, The Microwave Spectrum of Methyl-Sulphido-Boron, CH3B=S: 
Substitution Structure, Dipole Moment and Vibration-Rotation Analysis', L J. Mol. 
Spectrosc, 83, 1-14 (1980). 

55. K Georgiou and H W Kroto, The Microwave Spectrum Structure and Dipole Moment of 
Trans 2-Propenethial (Trans-thioacrolein), CH2=CHCH=S, J. Mol. Spectrosc, 83, 94-104 
(1980). 

56 C Kirby and H W Kroto, The Microwave Spectrum of Chloro-Sulphido-Boron CIB=S: 
Molecular Structure, Dipole Moment, Quadrupole Moment and Vibration-Rotation Analysis', 
J, Mol. Spectrosc, 83, 130-147 (1980). 

57 C Kirby, H W Kroto and D R M Walton, The Microwave Spectrum of Cyanohexatriyne, 
HC7N', J. Mol. Spectrosc, 83, 261-265 (1980). 

58 M King and H W Kroto, 'Microwave Study of the Thermal Isomerisation of 
Sulphurdicyanide, S(CN)2 to Cyano-isothiocyanate, NCNCS, J. Chem. Soc Chem. Comm., 
606 (1980). 

59 H W Kroto, J F Nixon, K Ohno and N P C Simmons, Thetl Microwave Spectrum of 
Phosphaethene, CH2=PH\ J. Chem. Soc Chem. Comm., 709 (1980). 

60 H W Kroto, C Kirby, D R M Walton, L W Avery, N W Broten, J M McLeod and T Oka, 
'Detection of a Complex New Interstellar Species with a Molecular Weight of 99', in Les 
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Spectres des Molecules Simples Au Laboratoire et en Astro-Physique, XXI Colloque Int. 
Astr. 1977, 83-86(1980). 

61 H W Kroto, The Detection of Unstable Species Using Microwave Photoelectron and 
Radioastronomy Techniques', Chimia, 34, 313 (1980). 

62 H Eshtiagh-Hosseini, H W Kroto, J F Nixon, M L Maah and M J Taylor, 'Synthesis of 
Phospha-alkene Transition Metal Complexes', J.C.S. Chem. Comm., 199-200 (1981). 

63 T A Cooper, M A King, H W Kroto and R J Suffolk, The Detection of Unstable 
Monomeric Selenidoborons: Chloroselenidoboron CIB=Se\ J.C.S. Chem. Comm., 353-354 
(1981). 

64 M A King, H W Kroto, J F Nixon, D Klapstein, J P Maier and O Marthaler, 'Emission 
Spectra of the Phosphaethyne Cations, HCP+ and DCPV, Chem. Phys. Letts., 82, 543 
(1981). 

65 HW Kroto and J F Nixon, 'Phosphaalkenes, R2C=PR and Phosphaalkynes, RCP', A C 
S Symposium Series 171 (ed. L D Quin and J Verkade) No.79, 383-390, J Am. Chem. Soc. 

66 J C T R Burckett-St.Laurent, P B Hitchcock, H W Kroto and J F Nixon, 'Novel Transition 
Metal Phosphaalkyne Complexes. X-Ray Crystal and Molecular Structure of a Side-bonded 
ButCP Complex of Zerovalent Platinum, Pt(PPh2)2(ButCP), J.C.S. Chem. Comm., 1141- 
1143 (1981). 

67 H W Kroto, J F Nixon and K Ohno, The Microwave Spectrum, Structure and Dipole 
Moment of the Unstable Molecule Phosphaethene, CH2=PH',J. Mol. Spectrosc., 90, 367- 
373 (1981). 

68 K Ohno, H W Kroto and J F Nixon, The Microwave Spectrum of 1 -Phosphabut-1 -yne- 
3-ene, CH2=CHCP\ J. Mol. Spectrosc, 90, 507-511 (1981). 

69 H W Kroto. J F Nixon and K Ohno, The Microwave Spectrum of Phosphabutadiyne, 
HCCCP', J. MoL Spectrosc, 90, 512-516 (1981). 

70 H W Kroto, The Spectra of Interstellar Molecules', LJ International Reviews in Physical 
Chemistry, 1, 309-376 (1981). 

71 J C T R Burckett-St.Laurent, H W Kroto, J F Nixon and K Ohno, The Microwave 
Spectrum of 1-Phenylphosphaethyne ( C6H5CP', J. Mol. Spectrosc, 92, 158-161 (1982). 

72 H W Kroto, 'Molecules in Space' Case Study 3 S247, Science Second Level Course, 
Open University 1981. 

73 73r:L!.;L:L*:;L:D H W Kroto, J F Nixon, M J Taylor, A A Frew and K W Muir, 'Synthesis 
andCG NMR spectra of some platinum(ll) complexes of the phospha-alkene, (mesityl) 
P=CPh2\ Polyhedron, 1 , 89-95 (1982), 

74 J C T R Burckett-St.Laurent, T A Cooper, H W Kroto, J F Nixon, O Ohashi and K Ohno, 
The Detection of Some New Phospha-alkynes, RCP, using microwave spectroscopy*, J. 
Mol. Struct., 79, 215(1982). 

75 M A King, D Klapstein, H W Kroto, J P Maier and J F Nixon, 'Emission spectra of the 
phosphaethyne cations of HCP+ and DCP+\ J. Mol. Struct., 80, 23-28 (1982), 

76 H W Kroto, 'Polyine im Universum', Nachr. Chem. Tech. Lab., 30, 765-770 (1 982). 
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77 K Ohno, H Matsuura, H W Kroto and H Murata, Infra-red spectra of C- 
fluorophosphaethyne FCP and C-difluorophosphaethene CF2=PH', Chemistry Letters, 981- 
984(1982). 

78 H W Kroto, The interaction between chemistry and astronomy', in Submillimetre Wave 
Spectroscopy, J E Beckman and J P Phillips (eds.), Cambridge University Press, 203-217 
(1 982). 

79 J C T R Burckett-St.Laurent, P B Hitchcock, H W Kroto, M F Meidine and J F Nixon, 
'Novel transition metal phospha-alkyne complexes: tBuCP acting as 6 electron donor 
ligand.L Synthesis, [C2(CO)6(mu-tBuCP)W(CO)5]\ J. Organometaliic Chem., 238, C82- 
C84 (1982). 

80 H W Kroto, 'Semistable Molecules in the Laboratory and in Space', Royal Society of 
Chemistry Tilden Lecture; Chem. Soc. Revs., 1 1, 435-491 (1982). 

81 J C T R Burckett-St.Laurent, M A King, H W Kroto, J F Nixon and R J Suffolk, 
'Photoelectron Spectra of the Phospha-alkynes: 3,3-dimethyl-1-phosphabutyne, t-BuCP and 

1- phenylphosphaethyne, PhCP, J.C.S. Dalton, 755 (1983). 

82 S I Al-Resayes, S I Klein, H W Kroto, M F Meidine and J F Nixon, 'Synthesis of and 
Phospha-alkene-transition metal complexes and the first examples of complexes containing 
only ligated phospha-alkenes and phospha-alkynes', J.C.S. Chem. Comm., 930 (1983). 

83 M A King, D Klapstein, H W Kroto, R Kuhn and J P Maier,- The Spectroscopic 
Detection of the Ions XBS+ and XCP+ (X=H, F, CI)', Bull. Soc. Chim. Belg., 92, 607 (1983). 

84 84LI.GCLLDL: K Ohno, H Matsuura, H Murata and H W Kroto, LL The Vibration- 
Rotation Spectrum of C-Fluorophoethyne FCP; Fermi Resonance and a Harmonic Force 
Field, J. Mol. Spectrosc., 100, 403-415 (1983). 

85 J C T R Burckett-St.Laurent, P B Hitchcock, M A King, H W Kroto, M F Meidine, S I 
Klein, S I Al Resayes, R J Suffolk and J F Nixon, 'Synthesis, Structures and Photoelectron 
Spectra of Phospha-alkenes and Phospha-alkynes and their Transition Metal Complexes', 
Phosphorus and Sulphur, 18, 259-262 (1983). 

86 H W Kroto, J F Nixon, O Ohashi and N P C Simmons, 'The Microwave Spectrum of 1- 
chloro- phosphaethene CH2=PCI\ J. Mol. Spectrosc, 103, 113-124 (1984). 

87 H W Kroto, 'Long Carbon Chains in Space*, European Spectroscopy News, 53, 18-20 
(1984). 

88 T A Cooper, C Kirby, H W Kroto and P C Westwood, 'A Photoelectron Spectroscopic 
Study of the (FBS)n System (n=1-3)\ J. Chem. Soc. Dalton Trans., 1047-1052 (1984). 

89 H W Kroto, D McNaughton and O I Osman, The Detection of the New Molecule Prop- 

2- ynylidenamine, HC2CH=NH, by Microwave Spectroscopy', J. Chem. Soc. Chem. Comm., 
993-994 (1984). 

90 M A King, D Klapstein, H W Kroto, R Kuhn, J P Maier and J F Nixon, 'Emission 
Spectrum of the C-Fluorophosphaethyne Cation FCP+', J. Chem. Phys., 80(6), 2332-2335 
(1 984). 

91 H W Kroto, 'A Discrepancy in the Fit between Bacterial and Interstellar Spectra', 
Observatory, 104, 135-136 (1984). 
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92 M A King and H W Kroto, 'He I Photoelectron Study of Cyanogen Isothiocyanate, 
NCNCS, Produced by Thermal Isomerization of Sulfur Dicyanide, S(CN)2\ J. Am. Chem. 
Soc., 106, 7347-7351 (1984). 
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General Information 




Publication List 



Publications: 1985 - 1993 



Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 



93 H W Kroto, S I Klein, M F Meidine, J F Nixon, R K Harris, K J Packer and P Reams, *1- 
and 2-Coordination in Phospha-alkeneplatinum(O) Complexes:.. High Resolution Solid 
State 31 P NMR Spectrum (Triphenylphosphine)Ptatinum(0)\ J. Organo-metaU.j Chem., 
280,281-287 (1985). 

94 H W Kroto, D McNaughton, L T Little and N Matthews, 'Long-Chain Hydrocarbon 
Molecules in the Interstellar Medium: Z Search for 1-cyanobut-3-ene-1-yne, CH2=CHC3N', 
Mon. Not. R. Astr. Soc., 213, 753-759 (1985). 

95 M C Durrant, H W Kroto,D McNaughton and J F Nixon The New Molecule 1-Cyano-4- 
Phosphabutadiyne, NC4P, Produced by Copyrotysis of PC13L and CH3C3N: Detection 
and Vibration- Rotation Analysis by Microwave Spectroscopy', J. Mol. Spectrosc, 109, 8-14, 
(1985). 

96 K Ohno, H Matsuura, D McNaughton and H W Kroto, 'Infrared Spectra of 1- 
Phosphapropyne, CH3CP, and its Perdeuteride CD3C=P\ J. Mol. Spectrosc, 111, 415-424, 
(1985). 

97 M A King, H W Kroto and B M Landsberg, 'Microwave Spectrum of the Quasilinear 
Molecule Cyanogen Isothiocyanate, NCNCS', J. Mol. Spectrosc, 113, 1-20, (1985). 

98 H E Hosseini, H W Kroto, J F Nixon and O Ohashi, 'u 31 P, 19F and 1H NMR 
Spectroscopic study of the Reaction of Bis(Trifluoromethyl)Phosphine and solid KOH. 
Synthesis of the Phosphaalkene CF3P=CF2',J. Organometallic Chem., 296, 351-355, 
(1985). 

99 H W Kroto and D McNaughton, 'Photoelectron Spectra of the Amino difluoroboranes 
NH2=BF2 , NHMe=BF2; .■ and NMe2=BF2', J. Chem. Soc Dalton Trans., 1767. (1985) 

100 H W Kroto, J R Heath, S C O'Brien, R F Curl and R E Smalley, 'C60: 
Buckminsterfullerene', Nature, 318(No.6042), 162-163,(1985) [cover illustration]. 

101 Lanthanum complexes of spheroidal carbon shells; J. R. Heath, S. C. O'Brien, Q. 
Zhang, Y. Liu, F. R. Curl, H. W. Kroto, F. K. Tittle and R. E. Smalley, J. Am. Chem. Soc, 
107,7779-7780(1985). 

102 Negative carbon cluster ion beams; new evidence for the special nature of C 60 ; Y. Liu, 

S. C. O'Brien, Q. Zhang, J. R. Heath, F., K. Tittle, R. F. Curl, H. W. Kroto and R. E. Smalley, 
Chem. Phys. Lett, 126, 215-217 (1986). 

103 Reactivity of large carbon clusters: spheroidal carbon shells and their possible 
relevance to the formation and morphology of soot; Q. L. Zhang, S. C. O'Brien, J. R. Heath, 
Y. Liu, R. F. Curl, H. W. Kroto and R. E. Smalley, J. Phys. Chem. t 90, 525-528 (1986). 
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104 A reply to "Magic Numbers" in C n + and C n " abundance distributions based on 
experimental observations; S. C. O'Brien, J. R. Heath, H. W. Kroto, R. F. Curl and R. E. 
Smalley, Chem. Phys. Lett. 132, 99-102 (1986). 

105 Chemistry between the stars; H. W. Kroto, Proc. Roy. Institution, 58, 45-72 (1986) 

106 The formation of long carbon chain molecules during laser vapourisation of graphite; J. 
R. Heath, Q. Zhang, S. C. O'Brien, R. F. Curl, H. W. Kroto and R. E. Smalley, J. Am. Chem. 
Soc, 109, 359-363, (1987). 

107 The stability of the Fullerenes C n (n = 24, 28, 32, 50, 60 and 70); H. W. Kroto, Nature, 
329, 529-531 (1987). 

108 Long carbon chain molecules in circumstellar shells; H. W. Kroto, J. R. Heath, S. C. 
O'Brien, R. F. Curl and R. E. Smalley, Astrophys. J., 314, 352-355 (1987). 

109 Carbon condensation; H. W. Kroto, Comments Cond. Mat. Phys., 13, 119-141 (1987). 

110 Chains and grains in interstellar space; H. W. Kroto in A. Leger, L. d'Hendecourt and N. 
Boccara, Polycyctic Aromatic Hydrocarbons and Astrophysics, Reidel, 1987, pp1 97-206. 

111 The formation of quasi-icosohedral spiral shell carbon particles; H.W. Kroto and K.G. 
McKay, Nature, 331, 328-331 (1988). 

112 Space, stars, C^ and soot; H.W. Kroto, Science. 242, 1139-1145 (1988). 

113 C 60 : Buckminsterfullerene, other Fullerenes and the icospiral shell; H.W. Kroto, 
Computers and Math. Applic, 17, 417-423 (1988). 

114 The chemistry of the interstellar medium; H.W. Kroto, Phil. Trans. Roy. Soc, Lond. A., 
325, 405-421 (1 988). 

115 The role of linear and spheroidal carbon molecules in interstellar grain formation; H.W. 
Kroto, Ann. Phys. Fr., 14, 169-179 (1989). 

116 Giant Fullerenes; H.W. Kroto, Chem. Brit, 26, 40-42 (1990) 

117 Dust around AFGL 2688, molecular shielding, and the production of carbon chain 
molecules; M. Jura and H.W. Kroto, Astrophys. J., 351 , 222-229 (1990). 

118 C 60 , Fullerenes, giant Fullerenes and soot; H.W. Kroto, PureAppl. Chem., 62, 407-415 
(1990). 

119 The formation and structure of interstellar dust; H.W. Kroto in S. Chang (Ed.) 'Carbon in 
the Galaxy) Proc. Conf. NASA Aims Research Center, Nov 5-6 1987, Publ. 1990. 

120 Possible assignment of the 11.3 m UIR feature in emission from soot-like microparticles 
with internal hydrogens, S.P. Balm and H.W. Kroto, Mon. Not Roy. Astronom. Soc, 245, 
193-197 (1990). 

121 Isolation, separation and characterisation of the Fullerenes C^ and C 70 ; the third form 
of carbon; R. Taylor, J.P. Hare, A.K. Abdul-Sada and H.W, Kroto, J. Chem. Soc. 
Chem.,Commun., 1423-14251 . (1990). 
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122 Fullerene cage clusters.O The key to the structure of solid carbon; H.W. Kroto, J. 
Chem. Soc, Faraday Trans., 86, 2465-2468 (1990). 

123 The discovery of carbon 60; H.W. Kroto, R. Taylor and D.R.M. Walton, Univ. Sussex 
Ann. Rep., 6-8 (1990-91). 

124 The analysis of comet mass spectrometric data; S.P. Balm, JP. Hare and H.W. Kroto, 
Space ScL Revs., 56, 185-189 (1991) 

125 Potential-energy function of large carbon clusters; S.P. Balm, A.W. Allaf, H.W. Kroto 
and J.N. Murrell, J. Chem. Soc. Faraday Trans., 86, 803-806 (1991). 

126 Preparation and UV/VIS spectra of Fullerenes C 60 and C 70 ; J. P. Hare, H.W. Kroto and 
R. Taylor, Chem. Phys. Lett, 177, 394-398 (1991). 

127 The IR spectra of Fullerene-60 and -70; JP. Hare, T.J. Dennis, H.W. Kroto, R. Taylor, 
A.W. Allaf, S. Balm and D.R.M. Walton, J. Chem. Soc. f Chem. Commun. f 412-413 (1991). 

128 Thermodynamic evidence for a phase transition in crystalline fullerene C 60 ; A. Dworkin, 

H. Szwarc, S. Leach, JP. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. 
R. Acad., ScL Paris, t.312, Ser II, 979-982 (1991). 

129 Degradation of C 60 by light; R. Taylor, JP. Parsons, A.G. Avent, S.P. Rannard, T.J. 
Dennis, JP. Hare, H.W. Kroto and D.R.M. Walton, Nature, 351, 277 (1991). 

130 Thermodynamic characterisation of the crystallinity of footballene C 60 ; A. Dworkin, C. 

Fabre, D. Schutz, G. Kriza, R. Ceolin, H. Szwarc, P. Bernier, D. Jerome, S. Leach, A. 
Rassat, JP. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton, C. R. Acad., ScL 
Paris, 1313, Ser II, 1017 (1991). 

131 Fluorination of Buckminsterfullerene; J.H. Holloway, E.G. Hope, R. Taylor, J.G. Langley, 
A.G. Avent, TJ. Dennis, J.P.Hare, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. 
Commun., 966-969 (1991). 

132 C 60 : the celestial sphere that fell to earth; H.W. Kroto, Nanotechnology, 1,1-2 (1991). 

133 The magnetic circular dichroism and absorption spectra of C 60 isolated in argon 

matrices; 2. Gasyna, P.N. Schatz, JP. Hare, T.J. Dennis, H.W. Kroto, R. Taylor and 
D.R.M.Walton, Chem. Phys. Lett., 183, 283-291 (1991). 

134 Hypothetical twisted structure for C^F^; P.W. Fowler, H.W. Kroto, R. Taylor and 
D.R.M. Walton, J. Chem. Soc. Faraday Trans., 87, 2685-2686 (1991). 

135 Crystal structure and bonding of ordered C 60 ; W.I.F. David, R.M. Ibberson, J. 

Matthewman, K. Prassides, T.J. Dennis, JP. Hare, H.W. Kroto, R. Taylor and D.R.M. 
Walton, Nature, 353, 156-158 (1991). 

136 Large infrared nonlinear optical response of C^; W.J. Blau, H.J. Byrne, DJ. Cardin, 

TJ. Dennis, JP. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Phys. Rev. 
Lett, 67, 1423-1425(1991). 

r 

137 The vibrational Raman spectra of and C 70 ; T.J. Dennis, J.P. Hare, H.W. Kroto, R. 
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Taylor, D.R.M. Walton and PJ. Hendra, Spectrochim. Acta, 47A, 1289-1292 (1991). 

138 Inelastic neutron scattering spectrum of the fullerene C 60 ; K. Prassides, T.J.S. Dennis, 

J.P. Hare, J. Tomkinson, H.W. Kroto, R. Taylor and D.R.M. Walton, Chem. Phys. Lett,, 187, 
455-458(1991). 

139 C 60 Buckminsterfullerene; H W Kroto, A W Allaf and S P Balm, Chem. Revs., 91, 1213- 
1235(1991) 

140 Electronic spectra and transitions of the fullerene C 60 ; S. Leach, M. Vervloet, A. 

Despres. E. Breheret, J.P. Hare, TJ. Dennis, H.W. Kroto, R. Taylor and D.R.M. Walton; 
Chem. Phys., 160, 451-466 (1992). 

141 No lubricants from fluorinated C 60 ; R. Taylor, A.G. Avent, T.J. Dennis, J.P. Hare, H.W. 
Kroto, D.R.M. Walton, J.H. Holloway, E.G. Hope, and G.J. Langley, Nature, 355, 27 (1992). 

142 C^: Buckminsterfullerene, the celestial sphere that fell to earth; H.W. Kroto, Angew. 
Chem. Internal Edit Engl., 31, 111-129 (1992). 

143 A postbuckminsterfullerene view of carbon in the galaxy; J.P. Hare and H.W. Kroto, 
Accounts Chem. Res., 25, 106-112 (1992). 

144 Nucleophilic substitution of fluorinated C^; R. Taylor, J.H. Holloway, E.G. Hope, AJ. 

Avent, GJ. Langley, T.J. Dennis, J.P. Hare, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, 
Chem. Commun., 665-667 (1992). 

145 Formation of C^Ph^ by electrophilic aromatic substitution; R. Taylor, G.J. Langley, 

M.F. Meidine, J.P. Parsons, A.K. Abdul-Sada, T.J. Dennis, J.P. Hare, H.W. Kroto and 
D.R.M.Walton, J. Chem. Soc, Chem. Commun., 667-668 (1992). 

146 The post-Buckminsterfullerene graphite horizon; H.W. Kroto, J. Chem. Soc, Dalton 
Trans., 2141-2143(1992) 

147 Astrophysical Problems involving Carbon Re-appraised; J.P. Hare and H.W. Kroto in 
P.D. Singh (Ed.) 'Astrochemistry of cosmic phenomena* IAU, The Netherlands, 1992, pp. 47- 
54. 

148 Fullerene physics; K. Prassides and H.W. Kroto, Physics World, 5, 44-49 (1992). 

149 Preparation and characterisation of C^B^ and C 60 Br 8 ; P.R. Birkett, P.B. Hitchcock, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Nature, 357, 479-481 (1992). 

150 Post-Fullerene organic chemistry; H.W. Kroto and D.R.M. Walton, in E. Osawa and O. 
Yonemitsu (Eds.), 'Carbocyclic cage compounds', VCH, 1992, pp 91-100. 

151 A mass spectrometric/NMR study of Fullerene-78 isomers; R. Taylor, G.J. Langley, 
T.J.S. Dennis, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1043-1046 
(1992). 

152 Fullerenes: physics and astrophysics studies; H.W. Kroto, K. Prassides, M. Endo and 
M. Jura in C. Taliani, G. Ruanl and R. Zamboni (Eds.) Fullerenes; status and perspectives, 
Proc. 1st Italian Workshop, Bologna (Feb. 6-7 1992) World Scientific Advanced Series in 
Fullerenes - Vol.2, 1992, pp1-12. 
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153 Neutron scattering studies of Fullerenes and alkali-metal doped Fullerides, K. 
Prassides, C. Christides, J. Tomkinson, M.J. Rosseinsky, D.W. Murphy, R.C. Haddon, T.J.S. 
Dennis, J.P. Hare, KW. Kroto, R. Taylor and D.R.M. Walton in C. Taliani, G. Ruani and R. 
Zamboni (Eds.) Fullerenes; status and perspectives, Proc. 1st Italian Workshop, Bologna 
(Feb. 6-7 1992) World Scientific Advanced Series in Fullerenes - Vol. 2, 1992, pp147-160. 

154 Single crystal x-ray structure of benzene-solvated C 60 ; M.F. Meidine, P.B. Hitchcock, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1534-1537 
(1 992). 

155 Simulated transmission electron microscope images and characterisation of the 
'Icospiral'; K.G. McKay, H.W. Kroto and D.J. Wales, J. Chem. Soc. Faraday Trans., 88, 
2815-2821 (1992). 

156 An end to the search for the ground state of C 84 ?L D.E. Manolopoulos, P.W. Fowler, 
R.Taylor, H.W. Kroto and D.R.M. Walton, J. Chem. Soc. Faraday Trans., 88, 3117-3118 
(1992). 

157 Isolation and spectroscopy of fullerenes; H.W. Kroto, K. Prassides, R. Taylor and 
D.R.M. Walton, Physica Scripta, T45, 314-318 (1992). 

158 Circumstellar and interstellar fullerenes and their analogues; H.W. Kroto and M. Jura, 
Astron. Astrophys., 263, 275-280 (1 992) 

159 Introduction; H.W. Kroto, Carbon, 30, 1139-1141 (1992). 

160 Fullerenes and fullerides in the solid state; neutron scattering studies; K. Prassides, 
H.W. Kroto, R. Taylor, D.R.M. Walton, W.I.F. David, J. Tomkinson, R C Haddon, M.J. 
Rosseinsky and D.W. Murphy, Carbon, 30, 1277-1286 (1992). 

161 Formation of carbon nanofibers; M Endo and H W Kroto, J. Phys. Chem., 96, 6941- 
6944(1992). 

162 Preparation and characterisation of (^(ferrocene)^ J.D.. Crane, P.B. Hitchcock, H.W. 
Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc. t Chem. Commun., 1764-1765 (1992). 

163 Mu@C 70 ; monitoring the dynamics of fullerenes from inside the cage; K. Prassides, 
T.J.S. Dennis, C. Christidies, E. Roduner,. H.W. Kroto, R. Taylor and D.R.M. Walton, J. 
Phys. Chem., 96, 10600-10602 (1992). 

164 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett, T.J.S. Dennis, J.P. Hare, P.B. Hitchcock, J.H. Holloway, P.G. Hope, H.W. 
Kroto, G.J. Langley, M.F. Meidine, J.P. Parsons and D.R.M. Walton, Pure Appl. Chem. t 65, 
135U(1992). 

165 Discovery; r: H.W. Kroto, R. Taylor and D.R.M. Walton, Univ. Sussex Ann. Rep., 6 
(1 992). 

166 Hydrogenation of carbon clusters; A.W. Allaf, R.A. Hallett, S.P. Balm and H.W. Kroto, 
Internal J. Mod. Phys. B, 6, 3595 (1992). 

167 Optical emission from carbon clusters in a supersonic expansion; S.P. Balm, R.A. 
Hallett, A.W. Allaf, A.J. Stace and H.W. Kroto, Internal J. Mod. Phys. B, 6, 3757 (1992). 

168 Fullerene studies at Sussex; H.W. Kroto, K. Prassides, A. J. Stace, R. Taylor and 
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D.R.M. Walton in W.E. Billups and MA Ciufolini (Eds.) Buckminsterfullerenes 1 VCH, 1993, 
Ch 2, pp 21-57. 

169 The Raman spectra of C 60 Br 24 , and C 60 Br 6 ; P.R. Birkett, I. Gross, P.J. Hendra, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Chem. Phys. Lett., 205, 399-404 (1993). 

170 The structural characterisation of buckminsterfullerene compounds; P.R. Birkett, J.D. 
Crane, P.B. Hitchcock, H.W. Kroto, M.F. Meidine, R. Taylor and D.R.M. Walton, J. MoL 
Struct, 292, 1 (1993) 

171 Polyynes and the formation of fullerenes; H.W. Kroto and D.R.M. Walton, Phil. Trans. 
Roy. Soc. Lond. Ser. A, 343, 103-112 (1993) 

172 Highly oxygenated derivatives of fluorinated C 60 , and the mode of fragmentation of the 
fluorinated cage under electron impact conditions; R. Taylor, G J. Langley, A.K. Brisdon, 
J.H. Holloway, E.G. Hope, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 
875-878 (1993) 

173 13 C NMR spectroscopy of C 76 , C 78 , C 84 , and mixtures of C 86 -C 102 ; anomalous 
chromatographic behaviour of CB2 and evidence for C 70 H 12 ; R. Taylor, G.J. Langley, A.G. 
Avent, TJ.S. Dennis, H.W. Kroto and D.R.M. Walton, J. Chem. Soc, Perkin Trans. 2, 1029 
(1993). 

174 Preparation and 13 C NMR characterisation of C 60 CI 6 ; P.R. Birkett, A.G. Avent, A.D. 
Darwish. H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1230 
(1993). 

175 Formation and stabilisation of the hexa-adduct of cyclopentadiene with C 60 ; M.F. 
Meidine, R. Roers, GJ. Langley, A.G. Avent, A.D. Darwish, S. Firth, H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 1342 (1993). 

176 Preparation and single crystal structure determination of the solvated intercalate 
Cgo.lg.toluene; P.R. Birkett, C. Christidies, P.B. Hitchcock, H.W. Kroto, K. Prassides, R. 
Taylor and D.R.M. Walton, J. Chem. Soc, Perkin 2, 1407 (1993). 

177 Enthalpies of formation of Buckminsterfullerene (C^) and of the parent ions C 60 + , 

c 60 2+ ' C go 3+ and C 6(P H P - Die 9°' M - EM * da Piedade > TJ S * Dennis." JP. Hare, H.W. Kroto, 
R. Taylor and D.R.M. Walton, J. Chem. Soc, Faraday Trans., 89, 3541, (1993). 

178 The C 60 -catalysed oxidation of hydrogen sulphide to sulphur; A.D. Darwish, H.W. Kroto, 
R. Taylor and D.R.M. Walton, Fullerene Sci. & Tech. f 1, 571 (1993). 

179 Stable derivatives of small fullerenes; H.W. Kroto and D.R.M. Walton, Chem. Phys. 
Lett, 214, 353 (1993). 

180 Isolation, characterisation and chemical reactions of fullerenes; R. Taylor, A.G. Avent, 
P.R. Birkett, T.J.S. Dennis, JP. Hare, P.B. Hitchcock, J.H. Holloway, E.G. Hope, H.W. 
Kroto. G.J. Langley, M.F. Meidine, JP. Parsons and D.R.M. Walton, Pure Appl. Chem., 65, 
1 35 (1 993). 

181 Neutron scattering and SR studies of fullerenes and their derivatives; K. Prassides, 
Physica Scripts, T49, 735 (1993). 
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182 The production and structure of pyrolytic carbon nanotubes (PCNTs); M Endo, K 
Takeuchi, S Igarashi, K Kobori, M Shiraishi and H W Kroto, J. Phys. Chem. Solids, 54, 1841 
(1 993) 
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Publication List 



Publications: 1994 - 2000 



Years: 1963 - 1984 1985 - 1993 1994 - 2000 2001 - 2002 

183 Formation of hydrides of fu!lerene-C 60 and C 70 ; A.G. Avent, A.D. Darwish, D.K. 

Heimbach, H.W. Kroto, M.F. Meidine, J.P. Parsons, C. Remars, R. Roers, O. Ohashi, R. 
Taylor and D.R.M. Walton, J. Chem. Soc, Perkin Trans. 2, 15 (1994). 

184 Improved chromatographic separation of C 60 and C 70 ; A.D. Darwish, H.W. Kroto, R. 
Taylor and D.R.M. Walton, J. Chem. Soc, Chem, Commun., 15 (1994). 

185 The structure of C 60 Ph 5 CI and C 60 Ph 5 H, formed via electrophilic aromatic substitution; 

A.G. Avent, P.R. Birkett, J.D. Crane, A.D. Darwish, G.J. Langley, H.W. Kroto, R. Taylor and 
D.R.M. Walton, J. Chem. Soc t Chem. Commun., 1463 (1994). 

186 Formation of fullerols via hydroboration of fullerene-C 60 ; N.S. Schneider, A.D. Darwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 463 (1994). . 

187 Phosphorus/Buckminsterfullerene intercalation compound, C 60 (P 4 ) 2 ; I W Locke, A D 
Darwish, H W Kroto, K Prassides, R Taylor and D R M Walton; Chem. Phys. Lett., 225, 186 
(1994) 

188 Pentamethylcyclopentadiene adducts of [60]- and [70]fullerene; M F Meidine, A G 
Avent, A D Darwish, H W Kroto, O Ohashi, R Taylor and D R M Walton, J. Chem. Soc. 
Dalton Trans. 2, 1 1 89 (1 994) 

189 Reaction of [70]Fullerene with benzyne; A.D. Darwish, A.K. Abdul-Sada, G.J. Langley, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun., 12133 (1994). 

190 The structure and reactivity of C^; H.W. Kroto, R. Taylor and D.R.M. Walton, Pure 
Appl. Chem. t 66, 2091 (1994). 

191 The fullerenes - precursors for 21st century materals; A.G Avent, P.R. Birkett, C. 
Christides, J.D. Crane, A.D. Darwish, P.B. Hitchcock,! H.W. Kroto, K. Prassides, R. Taylor 
and D.R.M. Walton, Pure Appl. Chem. t 66, 1389 (1994). 

192 The structure of buckminsterfullerene compounds; A.G. Avent, P.R. Birkett, C. 
Christides, J.D. Crane, A.D. Darwish, P.B. Hitchcock, H.W. Kroto, M.F. Meidine, K. 
Prassides, R. Taylor and D.R.M. Walton, J. Mol. Struct, 325, 1 (1994). 

193 c/s-Bromine addition to the bicyclopentene addend on [60]Fullerene; M.F. Meidine, A.G. 
Avent, A.D. Darwish, G.J. Langley, W. Locke, O. Ohashi, H.W. Kroto, R. Taylor and D.R.M. 
Walton, J. Chem. Soc. Perkin Trans 2, 2125 (1994). 

194 Smaller carbon species in the laboratory and space; H. W. Kroto, Internal. J. Mass 
Spectrometry & Ion Processes, 138, 1 (1994). 
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195 The charisma of Buckminsterfullerene; H. W. Kroto, MRS. Bull., 19, 21 (1994). 

196 New horizons in carbon chemistry and materials science; H.W. Kroto, J.P. Hare, A. 
Sarkar, K. Hsu, M. Terrones and J.R. Abeysinghe, M.R.S. Bull., 19, 51 (1994). 

197 Formation of fullerene-C 60 by pyrolysis of naphthalene; R. Taylor, H.W. Kroto, D.R.M. 
Walton and G.J. Langley, MoL Mat, 4, 7 (1994). 

198 Phenylation of [60]fullerene; R. Taylor, A.G. Avent, P.R. Birkett, J.D. Crane, A.D. 
Darwish, G.J. Langley, H.W. Kroto and D.R.M. Walton; Novel Forms of Carbon IL MRS., 
349, 107(1994). 

199 Oxygenated species in the products of fluorination of [60]- and [70] Fullerene by fluorine 
gas; R.Taylor, G.J. Langley, J.H. Holloway, E.G. Hope, A.K. Brisdon, H.W. Kroto and D.R.M. 
Walton, J. Chem. Soc] Perkin Trans. 2, 181 (1995). 

200 Formation of methylene adducts of [60]-, [70]-, [78]-, and [84]-fullerenes by reaction of 
fullerene-containing soot extract with THF; P.R. Birkett, A.D. Darwish, H.W. Kroto, G.J. 
Langley, R. Taylor and D.R.M. Walton, J. Chem. Soc. Perkin Trans. 2, 511 (1995). 

201 Formation and characterisation of C 70 CI 10 ; P. R. Birkett, A.G. Avent, A.D. Darwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc, Chem. Commun. t 683 (1995). 

202 Theoretical characterisation of C 70 CI 10 : the role of 1,4-addition across hexagonal rings; 
S.J. Austen, P.W. Fowler, J.P.B. Sandall, P.R. Birkett, A.G. Avent, A.D. Darwish, H.W.Kroto, 
R. Taylor and D.R.M. Walton, J. Chem. Soc. Perkin Trans 2, 1027 (1995) 

203 Hemi-toroidal networks in pyrolytic carbon nanotubes; A. Sarkar, M. Endo and H.W. 
Kroto, Carbon, 33 51 (1995). 

204 Holey fullereneslu A bis-lactone derivative of [70]fullerene with an 11 -atom orifice; P.R. 
Birkett, A.G. Avent, A.D. Darwish, H.W. Kroto, R. Taylor and D.R.M. Walton. J. Chem. Soc, 
Chem. Commun. f 1869 (1995). 

205 Condensed phase nanotubes; W.K. Hsu, J.P. Hare, M. Terrones, H.W. Kroto and 
D.R.M. Walton, Nature, 377, 687 (1995). 

206 Polyhydrogenation of [60]- and [70]- fullerenes; A.D. Darwish, A.K, Abdul-Sada, G.J. 
Langley, H.W. Kroto, R. Taylor and D.R.M. Walton, J. Chem. Soc. Perkin Trans. 2 f 2359 
(1 995). 

207 Reaction of [60]fullerene with triethylamine; J. Pola, A.D. Darwish, R.A. Jackson, H.W. 
Kroto, M.F. Meidine, A.J. Abdul-Sada, R. Taylor and D.R.M. Walton, Fullerene Sc/. Technol., 
3, 229(1995) 

208 Formation of [60]fullerene by pyrolysis of coranulene, 7,10-bis(2,2L-dibromovinyI)- 
fluoranthene and 11,12-benzofluoranthene; C.J. Crowley, H.W. Kroto, R. Taylor, D.R.M. 
Walton, M.S. Bratcher, P.-C. Cheng and LT. Scott; Tetrahedron Lett, 9215 (1995). 

209 Physico-chemical studies on nanotubes and their encapsulated com pounds; U J.P. 
Hare, W.-K. Hsu, H.W.Kroto, A. Lappas, W.K. Maser, A.J. Pierik, K. Prassides, R. Taylor, M. 
Terrones and D.R.M. Walton in iRecent Advances in the Chemistry and Physics ol 
Fullerenes and Related Materials^ K.M. Kadisch and R.S. Ruoff (Eds), Electrochem. Soc, 
2, 599-620 (1995). 



http ://www.kroto .iiifo/Generd_iiifo/PubUc»tionList3 .html 



8/13/2007 



Welcome To Hany Kroto's Personal Website 



Page 3 of 8 



210 Nanoscale encapsulation of molybdenum carbide in carbon clusters; J.P. Hare, W-K 
Hsu, H.W. Kroto, A.Lappas, K. Prassides, M. Terrones and D.R.M. Walton, Chem. Mater., 
8, 6-8G (1996). 

211 Synthesis and characterisation of the methanofullerenes, C 60 (CHCN) and C 60 (CBr 2 ); 
A.M. Benito, A.D. Darwish, H.W. Kroto, M.F. Meidine, R. Taylor and D.R.M. Walton, 
Tetrahedron Lett, 1085-1086 (1996). 

212 Formation of C 70 Ph 10 and C 70 Ph 8 from the eiectrophile C 70 CI 10 ; P.R. Birkett, A.G. 
Avent, A.D. Darwish, H.W. Kroto, R. Taylor and D.R.M. Walton, Tetrahedron, 52, 5235-5246 
(1 996). 

213 Hydrogenation of [76]-, [78]- and [84]fullerenes; A.D. Darwish, H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem. Soc, Perkin Trans. 2, 1415-1418 (1996). 

214 Poly hydrogenation of [60]- and [70]fullerenes with Zn/HCI and Zn/DCI; A.D. Darwish, 
H.W. Kroto, R. Taylor and D.R.M. Walton, Synthetic Mets., 77, 303-307 (1996). 

215 Recent developments in hydrogenation and arylation of [60]- and [70]fulierenes, A.G. 
Avent, P.R. Birkett, A.D. Darwish, H.W. Kroto, R. Taylor and D.R.M. Walton, Mol. Mat, 7, 
33-40(1996). 

216 Preparation and characterisation of C 70 Ph 9 OH: the first fullerene with a single hydroxy 
group attached to the cage; P.R. Birkett, A.G. Avent, A.D. Darwish, H.W. Kroto, R. Taylor 
and D.R.M. Walton, J. Chem. Soc. Chem. Commun. f 1231-1232 (1996). 

217 Electrical, magnetic and structural characterisation of fullerene soots; L.J. Dunne, A.K. 
Sarkar, H.W. Kroto, J. Munn, P. Kathirgamanathan, U. Heinen, J. Fernandez, J.P. Hare, 
D.G. Reid and A.D. Clark, J. Physics-Condensed Matter, 8, 2127-2141 (1996). 

218 Fullerene-based materials science at Sussex, J.P. Hare, W-K. Hsu, M. Terrones, A. 
Sarkar, S.G. Firth, A. Lappas, R. Abeysinghe, H.W. Kroto, K. Prassides, R. Taylor and 
D.R.M. Walton, Mot Mat t 7, 17-22 (1996). 

219 Regiochemical clustering in halogenation of and C 70 ; P.R. Birkett, H.W. Kroto, 
RTaylor and D.R.M. Walton, Mol. Mat, 7, 27-32 (1996). 

220 Pyrolytic production of fullerenes; C.J. Crowley, R. Taylor, H.W. Kroto, D.R.M. Walton, 
P-C. Cheng and LT. Scott, Synth. Mets. t 77, 17-22 (1996). 

221 Chlorination and arylation of [60]- and [70]fullerenes; P.R. Birkett, A.D. Darwish, A.G. 
Avent, H.W. Kroto, R. Taylor and D.R.M. Walton, Proc. NATO Workshop, 316, 199-213 
(1996). 

222 Graphitic structures: from planar to spheres, toroids and helices; M Terrones, W-K Hsu, 
J P Hare, H W Kroto, H Terrones and D R M Walton, Phil. Trans. Roy. Soc. Lond., A354, 
2025-2054(1996). 

223 Pyrolytically grown B x C y N 2 nanomaterials: nanofibres and nanotubes; M Terrones, A M 
Benito, C Manteca-Diego, W-K Hsu, O I Osman, J P Hare, D G Reid, H Terrones, A K 
Cheetham, H W Kroto and D R M Walton, Chem. Phys. Lett, 257, 576-582 (1996). 

224 Metal particle catalysed production of nanoscale BN structures; M Terrones, W-K Hsu, 
H Terrones, J P Zhang, S Ramos, J P Hare, R Castillo, K Prassides, A K Cheetham, H W 



http://www.krotoinfo^ 



8/13/2007 



Welcome To Harry Kroto's Personal Website 



Page 4 of 8 



Kroto and D R M Walton, Chem. Phys. Lett, 259, 568-573 (1996). 

225 Production of carbon nanotubes and graphitic onions by condensed phase electrolysis; 
W-K Hsu, J P Hare, D G Reid, H W Kroto and D R M Walton in H Kuzmany, J Fink, M 
Mehring and S Roth (Eds), Fullerenes and Fullerene Structures, World Scientific, 1996, pp 
226-231 . 

226 Morphology effects of catalytic particles in pyrolytic grown B x C y N z L« nanofibres and 

nanotubes; M Terrones, A N Benito, W K Hsu, O I Osman, J P Hare, D G Reid, K Prassides, 
H W Kroto, C Manteca-Diego, H Terrones and D R M Walton in H Kusmany, J Fink, M 
Mehring and S Roth (Eds), Fullerenes and Fullerene Structures, World Scientific, 1996, pp 
243-249. 

227 Electrolytic formation of carbon nanostructures; W-K Hsu, M Terrones, J P Hare, H 
Terrones, H W Kroto and D R M Walton, Chem. Phys. Lett., 262, 161-166 (1996). 

228 Phosphine-catalysed cycloaddition of buta-2,3-dienoates and but-2-ynoates with [60] 
fullerene; B F OUDonovan, P B Hitchcock, M F Meidine, H W Kroto, R Taylor and D R M 
Walton, J. Chem. Soc., Chem. Commun., 81-82 (1997). 

229 Platinum(0)-[60]fullerene complexes with chelating phosphine iigands.i.: Synthesis and 
characterisation of (Ti-C 60 )Pt(P-P) [P-P = dppe, dppp]; M van Wijnkoop, M F Meidine, A G 

Avent, A D Darwish, H W Kroto, R Taylor and D R M Walton, J. Chem. Soc. Dalton Trans., 
675-676(1997). 

230 Preparation and characterisation of unsymmetrical C 60 Ph 4 and symmetrical C^Pf^: the 
effect of regoselective attack upon C 60 CI 6 ; P R Birkett, A G Avent, A D Darwish, H W Kroto, 
R Taylor, D R M Walton, J. Chem. Soc. Perkin Trans. 2, 457-461 (1997) 

231 Arylation of [60]fullerene via electrophilic aromatic substitution involving the electrophile 
CgoClg: frontside nucleophilic substitution of fullerenes; P R Birkett, A G Avent, A D Darwish, 
I Hahn, H W Kroto, G J Langley, J OLLoughlin, R Taylor and D R M Walton, J. Chem. Soc. 
Perkin Trans. 2, 1121 (1997) 

232 Synthesis of nanotubes via catalytic pyrolysis of acetylene: a SEM study; T E ML Her, D 
G Reid, W K Hsu, J P Hare, H W Kroto and D R M Walton, Carbon, 35, 951 (1 997) 

233 Controlled production of aligned-nanotube bundles; M Terrones, N Grobert, J Olivares, 
J P Zhang, H Terrones, K Kordatos, W K Hsu, J P Hare, P D Townsend, K Prassides, A 
Cheetham, H W Kroto and D R M Walton, Nature, 388, 52 (1997) 

234 The Diels-Alder adduct of C 70 Ph 8 with anthracene; A G Avent, P R Birkett, A D 
Darwish, H W Kroto, R Taylor and D R M Walton, Fullerene Sci. Techno!., 5, 643 (1997) 

235 Arylation of Brg/FeClg/PhH: formation of derivatives via CO loss; A D Darwish, P R 

Birkett, G J Langley, H W Kroto, R Taylor and D R M Walton, Fullerene ScL Techno!., 5, 705 
(1 997) 

236 Synthetic routes to novel nanomaterials; with M Terrones, W K Hsu, J P Hare, H W 
Kroto and D R M Walton, Fullerene ScL Technol., 5 813 (1997) 

237 The structure of fullerene compounds; with A G Avent, A M Benito, P R Birkett, A D 
Darwish, P B Hitchcock, H W Kroto, I W Locke, M F Meidine, B F OUDonovan, K Prassides, 
R Taylor, M van Wijnkoop and D R M Walton, J. Mol. Struct, 436-437, 1-9 (1997) 
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238 Transition metal surface decorated fulterene as possible catalytic agents for the creation 
of single-walled nanotubes of uniformed diameter; P R Birkett, A J Cheetham, B R Eggen, J 
P Hare, H W Kroto and D R M Walton, Chem. Phys. Lett., 281 , 1 1 1 -1 1 4 (1 997) 

239 Symmetry, space, stars and C^; H W Kroto, Angew. Chem. Int. Ed. Engl., 36, 1578 

(1997), also Rev. Modern Physics, 69, 703 (1997).i_ Nobel lectures in Chemistry 1996. Solid 
azafullerenes and azafullerides; K Prassides, F Wudl and W Andreoni, Fullerene Sci. 
Techno!., 5, 801-812 (1997) 

240 Fullerenes; K Prassides, Current Opinion in Solid State and Materials Science, 2, 433- 
439 (1997) 

241 Spontaneous oxidation of C^PI^X (X = H, CI) to a benzo[/?]furanyl[60]fullerene; A G 
Avent, P R Birkett, A D Darwish, H W Kroto, R Taylor and D R M Walton, J. Chem. Soc, 
Chem. CommLL un., 1579-1580 (1997) 

242 Novel nanotubes and encapsulated nanowires; M Terrones, W K Hsu, A Schilder, H 
Terrones, N Grobert, J P Hare, Y Q Zhu, M Schwoerer, K Prassides, H W Kroto and D R M 
Walton, Appl. Phys. A, 66, 307-317 (1998) 

243 Novel formation of a phenylated isoquinolino[3 ? 4 ; ':1,2][60]fullerene; A K Abdul-Sada, A 
G Avent, P R Birkett, A D Darwish, H W Kroto, R Taylor, D R M Walton and O B 
Woodhouse, J. Chem. Soc, Chem. Commun., 307-308 (1998) 

244 A hexaallyl[60]fullerene, C 60 (CH 2 CH=CH 2 ) 6 ; A K Abdul-Sada, A G Avent, P R Birkett, H 
W Kroto, R Taylor and D R M Walton, J. Chem. Soc. r Perkin Trans. 1, 393-395 (1998). 

245 Electrochemical formation of novel nanowires and their dynamic effects; W K Hsu, M 
Terrones, H Terrones, N Grobert, A I Kirkland, J P Hare, K Prassides, P D Townsend, H W 
Kroto and D R M Walton, Chem. Phys. Lett., 284, 177-183 (1998). 

246 Preparation of aligned carbon nanotubes catalysed by laser-etched cobalt thin films; M 
Terrones, N Grobert, J P Zhang, H Terrones, J Olivares, W K Hsu, J P Hare, A K Cheetham, 
H W Kroto and D R M Walton, Chem. Phys. Lett., 285, 299-305 (1998) 

247 3D silicon oxide nanostructures from nanoflowers to radiolaria; Y Q Zhu, W K Hsu, M 
Terrones, N Grobert, H Terrones, J P Hare, H W Kroto and D R M Walton, J. Mater. Chem., 
8, 1859-1862 (1998) 

248 Pyrolysis of C 60 -thin films yields Ni-filled sharp nanotubes; N Grobert, M Terrones, A J 

Osborne, H Terrones, W K Hsu, S Trasobares, Y Q Zhu, J P Hare, H W Kroto and D R M 
Walton, in H Kuzmany et a/. (Eds) Proc. XII Internal. Winterschool on Electronic Properties 
of Novel Materials - Progress in Molecular Nanostructures, AIP Conf. Proc. 442, 1998, p 25 

249 Nanotechnology of nanotubes and nanowires: from aligned carbon nanotubes to silicon 
oxide nanowires; N Grobert, J P Hare, W K Hsu, H W Kroto, C A J Pidduck, C L Reeves, H 
Terrones, M Terrones, S Trasobares, C Vizard, D J Wallis, DRM Walton, P J Wright and Y 
Q Zhu, in H Kuzmany et al. (Eds) Proc. XII Internal Winterschool on Electronic Properties oi 
Novel Materials - Progress in Molecular Nanostructures, AIP Conf. Proc. 442, 1998, p 29 

250 Stable [60]fullerene carbocations; A G Avent, P R Birkett, H W Kroto, R Taylor and D R 
M Walton, Chem. Commun., 21 53-21 54 (1 998) 

251 Functionalised fullerenes on silicon surfaces; M D Upward, P Moriarty, P H Beton, P R 
Birkett, H W Kroto, R Taylor and D R M Walton, Surface ScL, 405, 526-531 (1998) 
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252 Photophysical properties of some hexa-functionalized CgQ derivatives; P.-F Coheur, J 

Cornil, D A dos Santos, P R Birkett, J LiLvin, J L BrCdas, J.-M. Janot, P Seta, S Leach, D R 
M Walton, R Taylor, H W Kroto and R Colin, Recent Advances in the Chemistry and Physics 
ofFullerenes and Related Materials, Electrochem. Soc., 6, 1 140 (1998) 

253 Thermolysis of thin films yields Ni-filled tapered nanotubes; N Grobert, M Terrones, 

A J Osborne, H Terrones, W K Hsu, S Trasobares, Y Q Zhu, J P Hare, H W Kroto, D R M 
Walton, Appl. Phys. A, 67, 595 (1998) 

254 Nanotubes: A revolution in materials science and electronics; M Terrones, W K Hsu, H 
W Kroto and D R M Walton, in A Hirsch (Ed) Topics in Current Chemistry, 199, 189-234 
(1998) 

255 Electrochemical production of low-melting metal nanowires; W K Hsu, J Li, H Terrones, 
M Terrones, N Grobert, Y. Q Zhu, S Trasobares, J P Hare, C J Pickett, H W Kroto and D R M 
Walton, Chem. Phys. Lett, 301, 159-166 (1999) 

256 Large-scale synthesis of carbon nanotubes by pyrolysis; K Tanaka, M Endo, K 
Takeuchi, W K Hsu, H W Kroto, M Terrones and D R M Walton, The Science and 
Technology of Carbon Nanotubes, K Tanaka, T Yamabe and K Fukui (Eds) Elsevier, 1 999, 
Ch 11, pp 143-152 

257 Solid phase production of carbon nanotubes; W K Hsu, Y Q Zhu, S Trasobares, H 
Terrones, M Terrones, N Grobert, H Takikawa, J P Hare, H W Kroto and D R M Walton, 
Appl. Phys. A, Rapid Commun. t 68, 493 (1999) 

258 New science for new materials; J P Attfield, R L Johnston, H W Kroto and K Prassides, 
in N Hall (Ed.), The Age of Vie Molecule, Royal Society of Chemistry, London, 1 999, pp 1 81 - 
208. 

259 Carbon nitride nanocomposites: formation of aligned C x N y nanofibres; M Terrones, P 

Redlich, N Grobert, S Trasobares, W K Hsu, H Terrones, Y Q Zhu, J P Hare, C L Reeves, A 
K Cheetham, M RJhle, H W Kroto and D R M Walton. Advan. Mater., 11, 655-658 (1999) 

260 Photophysical properties of C^CI^ C 60 Ph 5 CI and C 60 Ph 5 H; P-F Coheur, J Cornil, D A 

dos Santos, P R Birkett, J LiL vin, J L Brl. das, J-M Janot, P Seta, S Leach, D R M Walton, R 
Taylor, H W Kroto and R Colin, Synthetic Mets, 103, 2407-2410 (1999) 

261 Advances in the creation of filled nanotubes and novel nanowires; M Terrones, N 
Grobert, W K Hsu, Y Q Zhu, W B Hu, H Terrones, J P Hare, H W Kroto and D R M Walton, 
MRS Bull., 24, 43-49 (1999) 

262 Tungsten oxide tree-like structures; Y Q Zhu, W Hu, W K Hsu, M Terrones, N Grobert, J 
P Hare, H W Kroto, D R M Walton and H Terrones, Chem, Phys. Lett., 309, 327-334 (1999) 

263 Electrolytic formation of carbon-sheathed mixed Sn-Pb-nanowires; W K Hsu, S 
Trasobares, H Terrones, M Terrones, N Grobert, Y Q Zhu, W Z Li, R Escudero, J P Hare, H 
W Kroto and D R M Walton, Chem. Mater., 11, 1747-1751 (1999) 

264 A simple route to silicon-based nanostructures; Y Q Zhu, W.B Hu, W K Hsu, M 
Terrones, N Grobert, T Karali. H Terrones, J P Hare, P D Townsend, H W Kroto and D R M 
Walton, Advan. Mater., 11, 844-847 (1999) 

265 Microscopy study of the growth process and. structural features of silicon oxide 
nanoflowers; Y Q Zhu, W K Hsu, M Terrones, N Grobert, W B Hu, J P Hare, H W Kroto and 
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D R M Walton, Chem. Mater., 11, 2709-2715 (1999) 

266 Stable BC 2 N nanostructures; low temperature production of segregated C/BN layered 

materials; Ph. Kohler-Redlich, M Terrones, C Manteca-Deigo, W K Hsu ( H Terrones, M 
RLhle, H W Kroto and D Ft M Walton, Chem. Phys. Lett., 310, 459-465 (1999) 

267 Enhanced magnetic coercivities in Fe nanowires; N Grobert, M Terrones, Ph Redlich, H 
Terrones, R Escudero, F Morales, W K Hsu. Y Q Zhu, J P Hare, M RLhle, H W Kroto and D 
R M Walton, Appl Phys. Lett., 75, 3363-3364 (1999) 

268 SiC-SiO x heterojunctions in nanowires; Y Q Zhu, W B Hu, W K Hsu, M Terrones, N 
Grobert, J P Hare, H W Kroto and D R M Walton, J. Mater. Chem., 9, 3173-3178 (1999) 

269 An efficient route to large arrays of CN X nanofibres by pyrolysis of ferrocene/melamine 

mixtures; MTerrones, H Terrones, N Grobert, W K Hsu, Y Q Zhu, J P Hare, H W Kroto, D R 
M Walton, Ph Kohler-Redlich, M Rl hie, J P Zhang and A K Cheetham, Appl. Phys. Lett, 
75,3932-3934 (1999) 

270 Novel base-catalysed formation of benzo(5^urano[60]- and [70] fullerenes; A D 
Danwish, A G A vent, H W Kroto, R Taylor and D R M Walton, J. Chem. Soc, Perkin Trans. 
2, 1983-1988 (1999) 

271 New advances in the creation of nanostructured materials; N Grobert, J P Hare, W-K 
Hsu, H W Kroto, M Terrones, D R M Walton and Y K Zhu, Pure Appl Chem., 71, 2125-2130 
(1999) 

272 A novel route to aligned nanotubes and nanofibres using laser patterned catalytic 
substrates; N Grobert, M Terrones, S Trasobares, K Kordatos, H Terrones, J Olivares, J P 
Zhang, Ph Redlich, W K Hsu, C L Reeves, D J Wallis, Y Q Zhu, J P Hare, A J Pidduck, H W 
Kroto and D R M Walton, Appl Phys. A., 70, 175-183 (2000) 

273 Generation of hollow crystalline tungsten oxide fibres; W B Hu, Y Q Zhu, W K Hsu, B H 
Chang, M Terrones, N Grobert, H Terrones, J P Hare, H W Kroto and D R M Walton, Appl 
Phys. A, 70, 231- 

274 NaCI crystallisation within the space between carbon nanotube walls; W K Hsu, W Z Li, 
Y Q Zhu, M Terrones, H Terrones, N Yao, J P Zhang, S Firth, R J H Clark, N Grobert, L: A K 
Cheetham, H W Kroto and D R M Walton, Chem. Phys. Lett, 317, 77-82 (2000) 

275 Boron-doping effects in carbon nanotubes; W K Hsu, S Firth, Ph Redlich, M Terrones, □ 
H Terrones, Y Q Zhu, N Grobert, A Schilder, R J H Clark, H W Kroto and D R M Walton, DO 
J. Mater. Chem. t 10, 1425-1429 (2000) 

276 Self-assembly of Si nanostructures; Y Q Zhu, W K Hsu, N Grobert, M Terrones, H 
Terrones, ... H W Kroto, DRM Walton and B Q Wei, Chem. Phys. Lett., 322, 312-320 (2000) 

277 J L BrLdas, DRM Walton, R Taylor, H W Kroto and R Colin, J. Chem. Phys., 112, 
6371-6781 (2000) 

278 Production of WS 2 nanotubes; Y Q Zhu, W K Hsu, N Grobert, B H Chang, M Terrones, 
H Terrones, H W Kroto, DRM Walton and B Q Wei, Chem. Mater., 12, 1190 (2000) 

279 Carbon nanotubes as nanoreactors for bonding iron nanowires; W-Q Han, P K Redlich, 
C Scheu, F Ernst, M RLhle, N Grobert, M Terrones, H W Kroto and D R M Walton, Adv. 
Mater., 12, 1356-1359 (2000) 
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280 Metallic behaviour of boron-containing carbon nanotubes; W K Hsu, S Y Chu, E 
Munoz-Picone, J L Boldu, S Firth, P Franchi, P B Roberts, A Schilder, H Terrones, N 
Grobert, Y Q Zhu, M Terrones, M E McHenry, H W Kroto and D R M Walton, Chem. Phys. 
Lett.,U 323, 572-579 (2000) 

281 An alternative route to molybdenum disulfide nanotubes; W K Hsu, B H Chang, Y Q 
Zhu,L Y Q Han, H Terrones, M Terrones, N Grobert, A K Cheetham, H W Kroto and D R M 
Walton, J. Am. Chem. Soc, 122, 10155-10158 (2000) 

282 Morphology, structure and growth of WS 2 nanotubes; Y Q Zhu, W K Hsu, H Terrones, N 

Grobert, B H Chang, M Terrones, B Q Wei, H W Kroto, D R M Walton, C B Boothroyd, I 
Kinlock, G Z Chen, A H Windle and D J Fray, J. Mater. Chem. 10, 2570-2577 (2000) 

283 Mixed phase W x Mo y C 2 S 2 nanotubes; W K Hsu, Y Q Zhu, C B Boothroyd, I Kinloch, S 

Trasobares, H Terrones, N Grobert, M Terrones, R Escudero, G Z Chen, C Colliex.C A H 
Windle, D J Fray, H W Kroto and D R M Walton, Chem. Mater., 12, 3541-3546 (2000) 

284 C-MoS 2 and C-WS 2 nanocomposites; W K Hsu, Y G Zhu, H W Kroto, D R M Walton, U 
R.Kamalakaran, M Terrones, Appl. Phys. Lett, 77, 4130-4132 (2000) 

285 Aligned CN X nanotubes by pyrolysis of ferrocene/C 60 under NH 3 atmosphere; W-Q Han, 

P Kohler-Redlich, T Seeger, F Ernst, M RLhle, N Grobert, W-K Hsu, B-H Chang, Y-Q Zhu, 
H W Kroto, D R M Walton, M Terrones and H Terrones, Appl Phys. Lett, 77, 1807-1809 
(2000) 

286 C^F^O, the first characterised intramolecular fullerene ether; O V Boltalina, B de La 

VaissiC, P W Fowler, P B Hitchcock, J P B Sandell, P A Troshin and R Taylor, Chem. 
Common., 1325 (2000) 

287 Cathodoluminescence of fullerene C 60 ; A P Rowlands, T Karali, M Terrones, N Grobert, 
P D Townsend and K Kordatos, J. Phys. Condensed Matter, 12, 7869-7878 (2000) 

288 Photophysical properties of hexa-functionalised C 60 derivatives: spectroscopic and 

quantum-chemical investigations; P-F Coheur, J Comil, D A dos Santos, P R Birkett, J 
LiClvin, J L Brldas, D R M Walton, R Taylor, H W Kroto and R Colin, J. Chem. Phys., 112, 
8555 (2000) 
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289 W x Mo y C 2 S 2 nanotubes; W K Hsu, Y Q Zhu, S Firth, M Terrones, H Terrones, S 
Trasobares, R J H Clark, H W Kroto and D R M Walton; Carbon, 39, 1 1 03-11 1 6 (2001 ) 

290 Tungsten-niobium-sulfur composite nanotubes; Y Q Zhu, W K Hsu, M Terrones, S Firth, 
N Grobert, R J H Clark, H W Kroto and D R M Walton, Chem. Comm., 121-122 (2001) 

291 Preparation and characterisation of two [70]ful!erene diols, C 70 Ph 8 (OH) 2 ; A G Avent, P 

R Birkett, A D Darwish, H W Kroto, R Taylor and D R M Walton, J. Chem. Soc, Perkin 
Trans. 2,68 (2001) 

292 Titanium-doped molybdenum disulfide nanostructures; W K Hsu, Y Q Zhu, N Yao, S 
Firth.L jRJH Clark, H W Kroto and D R M Walton, Adv. Functional Mat, 11, 69 (2001) 

293 Pyrolytic production of aligned carbon nanotubes from homogeneously dispersed 
benzene-based aerosols; M Mayne, N Grobert, M Terrones, R Kamalakaran, M RLhle, H W 
Kroto and D R M Walton, Chem. Phys. Lett., 338, 101-107 (2001) 

294 Nb-doped WS 2 nanotubes; Y Q Zhu, W K Hsu, S Firth, M Terrones, R J H Clark, H W 
Kroto and D R M Walton, Chem. Phys. Lett, 342, 15-21 (2001) 

295 A low resistence boron-doped carbon nanotube-polystyrene complex; P C P Watts, W K 
Hsu, G Z Cheng, D J Fray, H W Kroto and D R M Walton, J. Mat Chem., 11, 2482 (2001) 

296 Electron beam puncturing of carbon nanotube containers for release of stored nitrogen 
gas;l,LL S Trasobares, O StLphan, C Colliex, G Hug, W K Hsu, H W Kroto and D R M 
Walton , Eur. Phys. J B, 22, 1 1 7 (2001 ) 

297 Tungsten disulphide sheathed carbon nanotubes; R L D Whitby, W K Hsu, P K Fearon, 
H W Kroto, D R M Walton and C B Boothroyd, Chem. Phys. Chem., 2, 620 (2001) 

298 SiO x -coating of carbon nanotubes at room temperature; T Seeger, Ph Redlich, N 
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/. Introduction 

In 1967 Palmer and Shelef wrote the definitive review 
ofSyttk on carbon clusters in their article on 

SI have given a very complete picture of the.*.* 
ofthb Lcinadng field. Although Welmer and Van 
a review is comprehensive (up to Nov 1, WW, 
Sverinl aU assets of carbon duster properties recent 
covering au aspcu buckminsterfullerene 

?n «h!rh can sodW to the whole family. There are 
ene-70 whicn can appiy >« - bomers, 
of course numerous possible C M and cag« s isoic i . 
however here we shall, in general, mean the mostgeo- 
EricZ stable cages for which there >s 
in thTcase of the 60 and 70 atom species— they are 
U JMtoSS land (D^fuUer^e-70 where stondaxd 
symmetry labels have been added as prefixes. Since the 
SncTof fullerene-60 and its spontaneous creauon 
^verifications in numerous a^ ta^ 
«ti« of carbonaceous solids and rniciopartides through 
^uCXrmolyris. ^d synthetk^^- 
. buy to the nature of the carbonaceous constituents of 

0.S eTd dTeS^ctivity ^^e speaes p^- 
03riTn, C^rl. and SraaBey.* It was proposed that this 




Harry Kroto 040 was 

penoos at In. National Research ™™" n t to ^ Urb- 

ane, Bo. T*PhonjjUb<«.^t1966-^) ^ 

ol ? uss "" h ^r TanTstScW^pta characterization 
research into the P''^ x ^^°^^^Z^ 0 tnswlYa.Jkm,y- 

INocarbonyts. ard po^fynMtea experiments aimed 

^^SZ^SSm^^^ aJwE who was 

at understanding sten ff°]™™~» v . . ^ SuS seic Unrversity s 

educated at ^PP° J^^ 0 ^^*™!.^ and bsar chemistry, 
carrying out research or, reactions and 

Sussex University. 

rtataflitv was due to geodesic and electronic properties 

trJcated ral cage s«ru«u™ 

shown in Figure 1 and the molecule J££ 
minsterftillerene. This novel proposal d.d not receive 
instant universal acceptance since it appeared to have 

been based on. highly ^^^^SeEree of 
it is now dear that there was a significant degree oi 

^Awealth of convincing experimental evidence was 
J^edXt showed that C possessed ui..aueph^- 
SScriUbffitv-* conclusion totally mdependent 

° ( ^l^Ta£?^ was the simplest and 
m i?t J«anV wUnaUon ofthe unique behavor and 
r^fflS explanation was ever presented. 
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Figure I. C« buckroinslerfuUerenc 1 

(iii) The proposal was consistent with many earlier 
oteerVaUons on bulk carbon and clarified some previ- 
ouslv unexplained phenomena in carbon <* e ™stry 

The fuilerene structural proposal has recently been 
confirmed by complementary obsenat,or^ froin^o 
kroups. Kratschmer. Lamb. Fosuropoulos and Huff- 
SLTin foUowing up their earlier IR "^^J" 
1989) 5 which suggested that C„ might be present in 
arc-processed graphite, extracted a ^"ble material 
which formed crystals. The X-ray analysis showed the 
material to consist of 10-A diameter spheroidalmole- 
cules and supplementary mass spectrometry and in- 
frared data provided the first unequivocal evidence for 
C« (and (^0)- In a parallel, independent <nvesUEauon 
which probed this same original key observation, 
T.£ Hare, Abdul-Sada. and Kroto' found that sim- 
ilarly arc-processed graphite gave rise Xo a 720 mass 
peak, commensurate with the presence of fullerene-60. 
and that this material was soluble and could be ex- 
tracted directly. The extracted C M compound yielded 
a single ,3 C NMR line which proved that all GO carbon 
atoms are equivalent as expected for the truncated 
icosahedral buckminsterfullerene structure. Taylor et 
«L also showed that and Co can be separated 
chromatographically and that the latter has the D» 
prolate, ellipsoidal structure first suggested by Heath 
et al « These results provide further support for the 
conjecture that* whole family of fuUeren^xist^^ 
Since these revelations, which are discussed further 
in section IX, the fullerene field has exploded and nu- 
merous groups are probing various facets of physico- 
chemical properties of the fullerenes. Indeed a new field 
of carbon chemistry has been born, and the first fal- 
tering steps of the promising infant are described m 
section X. Thus this review is particularly timely as it 
is written at the precise moment when the final sen- 
tence in the last paragraph of the first chapte r in the 
story of the fullerenes has been completed. The open- 
ing paragraphs in the next chapter ™. 
written and they herald a new era in which the flat 
world of polycydic aromatic chemistry has been re- 
placed by a postbuckroisterfullerene one m which round 
structures are favored under certain siirpmtngry com- 
mon circumstance*. 10 This article reviews the buck- 
minsterfullerene story from the time when it was just 
a twinkle in the eyes of a few '"'^^^f^f^?; 
through the experiments which revealed that itartuafly 
S3 spontaneously and exhibited stebfo* to *e 
most recent revelations that it could be isolated and did 
indeed possess the round hollow cage structure as 





Finir* 2. Diagram of C«, next to an .cos^ed republished in 

discuss (in Japanese) the • super ■romaucity which mifiht 
Si^nv c lect?on delocalirauon over . three dimen^onaJ trun- 
cated icosahedral pure carbon molecule. 

proposed. As many contributions to the story as could 
be traced by Dec 1990 are included. 

//.' Summary of Relevant Carbon Studies Prior 
to the Discovery of Stability 

At least part of the reason for the degree of interest 
engendered by the buckminsterfullerene P^op^B- 
volves around its high degree of symmetry. Mankind 
has always been fascinated by symmetric objects in- 
deed stone artifacts with the form of the Platonic sobds. 
dating back to neolithic times, have been found in 
Scotland," indicating that human beings have long ha 0 
a spiritual affinity with abstract symmetry and an 
aesthetic fascination for symmetric objects. The trun- 
cated icosahedron is one of the Archimedian sem- 
iregular solids; however in hollow form an early example 
appears' in the book De Dwina Proportion by Frs 
Lucia PaciolL A reproduction ^of this ^ d " w ^ Q b >\^ 
nardo Da Vinci entitled "VCOSEDRON ABSqiSVS 
VACWS" is to be found in the book The Unknown 
Leonardo, 12 which is rather more accessible than the 

original! . . t 

The Ccn molecule itself was first suggested ui amost 
imaginative and prescient paper by Osawa in 1970 and 
discussed further in a chapter on -Superaromaticity 
in a book by Yoshida and Osawa" in 1971; the original 
diagram is depicted in Figure % An equally imagina- 
tive article, which actually predates this work, was 
written in 1966 by Jones m which he conjecturedon Jthe 
possibility of making large hoUow carbon cages.* 1 The 
next paper was that of Bochvar and Gal pern in 1973 
who also published a Huckel calculation on <V Id 
1980 Davidson published a paper which used ^grapb 
theory to deduce an algebraic solution of the Huckel 
calculation for fuIlerene-60. 19 Davidson s orbite energy 
level diagram, depicted in Figure 3. was determined by 
• using articulator, and this paper contains an unusually 
prescient paragraph in the light 
(particularly those in section VII): Should such 
structures or higher homologs ever be rationally syn- 
thesized or obtained by pyrolytic routes from carbon 
polymers, they would be the first manifestations oi 
authentic, discrete three-dimensional 
Haymet's study 30 on this molecule coincided very 
closely with its discovery in 1985. 
• On the experimental front there were many very ig> 
portent early papers on carbon clusters and these nave 
aLadybeJrVvieW^ Pe rr^ the most interesui* 
early carbon cluster papers (and the ones which in fee* 
actually stimulated the discovery experiments) were 
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Figure 3. The Huckel molecular orbital calculation for buck* 
minsterfullerene was carried out by Bocbvar and CaJpern , •• , . 
(1973) and Davidson 1 * (19B0K prior to. and by Hoymet"' (1985) 
cowddentalry with, its discovery. The orbital energy level digram 
(units of B) depicted here is that published b/ Davidson "who 
determined it using graph theory- to obtain simplified algebraic 
relations which were evaluated with a calculator (repnmed from 
ref 19: copyright 1981 Springer- Verlag Publishers). 

those published by Hintenberger and co-workers in 
1 959-63 21-54 in which-it was shown that species with up 
to 33 carbon atoms could form in a carbon arc The 
next important advance was made by Rohlfing, Cox. 
and Kaldor 25 in 1984 who found that much larger car- 
bon clusters (C„ with n « 30-190) could be produced 
by vaporization of gTaphite (Figure 4). Rohlfing et al. 
used the supersonic nozzle, laser vaporization technique 
developed by Sroalley and co-workers at Rice Univer- 
sity 26 in 19B1. In this technique clusters are made by 
laser vaporization of refractory materials into a pulse 
of helium or argon in the throat of a supersonic nozzle. 
The vaporised .material nucleates in the gas pulse which 
then expands supersonically into a vacuum chamber 
where it cools and is skimmed. The skimmed beam 
passes into a second chamber where the entrained 
clusters are ionized by a second laser pulse and the 
cluster ion mass distributions determined by time of 
flight mass spectrometry (TOF-MS). The mass spec- 
trum observed by Rohlfing et al. 0 is shown in Figure 
4; they pointed out that only ions with even numbers 
of carbon atoms were observable for the new family of 
clusters with more than 30 carbon atoms. Packing or 
magic number effects are very weak under these con- 
ditions. 21 Btoomfield et al a also studied carbon clusters 
by the same technique and observed both positive and 
negative even numbered ions. They also studied the 
fragmentation behavior of the new family and in par- 
ticular chose the Cgo cluster for further study and 
showed that it could be photodecom posed with 532-nm 
multiphoton laser radiation. 

* * - 

///. The Discovery of 
Buckmlnstarfutiereno 

In September 1985 the reactions of carbon clusters 
were investigated by the Rice/Sussex group. 3 - 23 - 30 These 
experiments were aimed at simulating the conditions 
- under which carbon nucleates in the atmospheres of 
cool N-type red giant stars. Circumstantial evidence 
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Ficure 4. Time-of- flight raass spectrum, observed by RuruT:nE. 
Cot and Kaldor. 21 of carbon clusters proouceo by laser vapori- 
zation of graphite. In this experiment cajbon clusters with !W-1»0 
atoms were detected for the first urne. Thtr* iiudies *rh<*ed that 
only even-numbered clusters *ere stable t? printed :"rcm rei lb, 
copyright 19S4 the-Amencar. Institute u: Phytic* I. 

sources of the long carbon chain molecules in the in- 
terstellar medium and in particular lhat the formation 
process might be related in some important way lo soot 
formation. JJ The interstellar cyanopolyynes (HC n N in 
s= 5-11)) were discovered by a synergistic combination 
of laboratory microwave spectroscopy experiments. 353 * 
theoretical analysis. 35 and observational radioastrono- 
m y 36-39 The cluster beam experiments showed con- 
vincingly that species such as HC-N and HC»N. which 
had been detected in space,* 6-3 * could be produced by- 
such laboratory simulations of the conditions in carbon 
stars. 29 - 30 A second motivation for probing laser va- . 
porization of graphite was the question "of whether 
carbon clusters were associated with the so-called dif- 
fuse interstellar bands as Douglas had proposed in 
1977.*° The development of resonant 2*photon ioniza- 
tion in conjunction with the cluster beam technique to 
obtain the high-resolution spectrum of SiC* by Mic- 
halopoulos et al 41 suggested that the electronic spectra 
of carbon" clusters might be accessible by this technique. 
During the course of the experiments 29 - 30 which probed 
the behavior of the pure carbon clusters a striking 
discovery was made — under some clustering conditions 
the 720 mass peak appeared to be extremely strong 
(Figure 5). 3 Indeed the intensity of the C M peak, 
relative to the adjacent cluster distribution, could be 
varied dramatically just by altering the conditions. In 
particular, conditions could be found for which the mass 
spectrum was totally dominated by the C«> peak — at 
least in the mass range accessible (Figure 6). It was 
concluded that C© must be particularly stable to further 
nucleation and it was proposed that this might be ex- 
plained by the geodesic factors inherent in a truncated 
icosahedxal cage structure in which all the atoms were 
connected by sp 2 bonds and the remaining 60 r elec- 
trons distributed in such a way that aromatic character 
appeared highly likely. 3 

In these experiments it was' found that the Cm peak 
also showed clear enhancement although to a lesser 
extent; the Co/Cro ratio was ca. 5/1 in general. In 
previous experiments** 7 -* 8 the CgJiCsa Co) ra ^° was 
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Ffrure*. Time-of-Oigbt mass .poctrum aubaa dusten produced 
b/u£r vaporization of graphite under th* optaniw. condiUow 
for obeenratioD of a dominant C« duster ugnaL 1 Note abo tiie 
prominence of C70- 

conditions were found in which a ratio of 2D/1 or more 
was achieved (Figure 6). It was soon realized that al- 
though C„ generally appeared fairly special, the con- 
ditions under which it appeared dominant were rather 
unusual They were conditions in which the major 
fraction of the carbon had nucleated to form macro- 
scopic particles too large to be detectable by the mass 
spectrometer. Thus it was recognized that the signal 
shown in Figure 6 shows the *smali; carbon species 
which remain when the znicroparticles have formed. 
Due to the fact that geodesic structural concepts were 

a cuide to the hollow cage structural explanation that 

, . .*?_••.. **«.».. — *- 
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Ffcu»7. The IUPAC name of fullerene^O determined by 
computer analysis — according to P. Roee. 

cule was named after Buefaninster Fuller, the inventor • 
of the geodesic domes." Although the name chosen. 
bucfanLsterrullerene*" is a little long."" 6 it u not as 
long as the IUPAC alternative and not as difficult to 
pronounce (Figure 7)«.and certainly not as difficult to 
derive!* 4 * The name fullerene can be conveniently and 
appositely used for the whole farni* of closed carbon 
cages with the 12 pentagons and N (other than one) 
hexagons in an sp 1 network. 1 " For several r^rAnot 
least the problem of ambiguity with mternabonal sports 
nomenclature, some other names are P>oUM " 
satisfactory; they are certainly less enlightening 
Since the buckirjiisterfuIlereM detection paper 3 w» 



c . BucWrtnstarluOorono 

M V has been carried out. Two complement arv ac- 
counts covering manv of the important genera- ;mp)i- 
ZTtions and experimental observations have been enen 
by Kroto 50 and Curl and Smalley. 41 More focused ac- 
counts have also been published dealing matniv rnh 
experimental observations."^ astrophysics! :nu««ca- 
lions,*"** 66 symmetry and structure consideration*^ 
fullerene-60. and the icosahedral giant fullered 
The chemical implications have also been discussed by 
Kroto 61 end Kroto and Walton. 10 Hrrota 53 and Heath* 
discuss fullerene-60 as well as other novel rarbnn 
molecules. 

IV. Sources of C w 

In the original work, which showed how conditions 
could be achieved to produce a signal in which tne C w 
peak was dominant, the pulsed nozzle /laser vaporiza- 
tion technique 26 was used to produce the clusters irum 
a graphite target and photoionization TOF-MS used to 
detect them The laser* produced plasma expanded invi 
a high pressure <ca. 1-10 atml of He and the lareel 
graphite surface was continually replenished so thai the 
surface remained essentially flat- A nozzle extender was 
used to increase the clustering time prior to expansion 
to ca. 100 $13 and the high He pressure increased the 
nudeation rate. Although initially it was conjectured 
that perhaps graphitic sheet fragments might have been 
ablated from the graphite target and rearranged into 
the buckminsterfullerene structure, subsequent con- 
siderations suggested that Cr, was more likely to have 
formed by nudeation from carbon vapor consisting, at 
least initially, of C atoms and very small carbon mole- 
cules. 52 Negative ion distributions produced by crossing 
a laser with the cluster beam just as it exited the 
nozzle" have been studied* and the relationship be- 
tween these and positive and negative ion distributions, 
obtained directly from the vaporization zone (i.e. 
without photoionization), has been discussed by Hahn 
et at 65 and O'Brien et al. 66 The consensus of opinion 
was that C M appeared to exhibit special behavior 
whether charged (positive or negative) or neutral and 
that the nudeation rate order was neutrals > cations 
> anions. 66 Very detailed discussion of the conditions 
under which C w appears to be special has been given 
by Cox et al n These. studies are discussed in mpre 
detail in section V. _ ^ 

Carbon duster distributions exhibiting dominant Ceo 
signals, can be produced in another way as O'Keefe, 
Ross, and BaronavskS 6 * and Pradel et al* have shown 
usi n g high vacuum TOF-MS. In these experiments the 
graphite target is inside the mass spectrometer vacuum 
system and remains stationary. After several laser 
pulses a hoie is drilled in the graphite and nudeation 
appears to occur in the cavity. McElvany et at, 10 using 
ICR-MS techniques, have shown that if the axis of the 
laser-drilled hole is aligned parallel to the trapping 
magnetic fidd a strong Ca,* signal predominates in the 
' piAtt* apectmm. In a study of the small cluster distri- 
bution, McElvany, Dunlap, and O'Keefe 71 found that 
• the vaporization -of a diamond target produces the same 
distribution as does graphite. This result indicates that 
the clusters appear to be produced by nudeation of 
atomic / molecular carbon vapor rather by a process in- 
volving the ablation of bulk fragments from the target. 
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Figure 8. Infrared absorption spectrum observed in 1989 by 
Kraischmer. Fosuropoulca. and Huffman 114 from carbon produced 
bv arc-discharge processing. Kratachmer et al. made the per- 
ceptive observation that the four sharp absorption features in- 
dicated might belong to fullerene-60. The frequencies were 
tamaliiingly consistent with theoretical predictions (section v m> 
for. the fundamental vibrations of fullerene-fiO irepnnted from 
ref ~A; copyright 1990 Elsevier Science Publishers!. 

vaporization procedure for producing C^ 3 in order to 
deposit material on a film. They have shown that the 
mass spectrum obtained by subsequent laser desorption 
or the resulting material yields a very similar duster 
distribution to that of the cluster beam experiments. 
They have also carried out isotope scrambling mea- 
surements 73 supporting the conclusion that »s as- 
sembled from small carbon species in the gas phase 
after valorization (see section VI). 

A fascinating and ultimately key observation was 
described in September 1989 by the Heidelberg/Tucson 
group: Kratschmer. Fostiropoulos, and Huffman 5 * 7 who 
detected four weak bands in the infrared spectrum of 
a film deposited from a carbon arc under argon (Figure 
8). Kratschmer et aL pointed out that the vibrational 
frequencies of the four bands (and associated "C shifts) 
observed were in tantalizingly close agreement with 
theoretical estimates for fullerene-60 (details in sections 

VIE and DC). ( L • 4 

Several other interesting studies have shown that 
laser vaporization of a wide variety of carbonaceous 
target materials (other than pure carbon) also yields a 
dominant C m signal: e.g. carbon films (Creasy and 
Brenna 75 ), polymers nuch as polyimides (Creasy and 
Brenna* and Cambell et aL 77 "™). coal (Greenwood et 
el 8 ?), polycyclic aromatic hydrocarbons (Giardini- 
Guidoni et aL/ 1 and Lineman et al. 810 ). Last but not 
least, So and Wilkins 84 have shown that Ca> can be 
detected by laser desorption of soot! In fact they have 
observed even-numbered carbon clusters with as many 
as 600 carbon atoms (Figure 9). This result and similar 
experiments may indicate that giant fuflerenes may also 
be forming. 8 * - AH experiments show- that conditions can 
be found in which the (V peak is either prominent ox 
dominant. However conditions also exist for which this 
is not the case. 84 It is likely that the availability of many 
other pathways to "organic" (H-containing species) may 
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Figure 9. Laser desorption Fourier transform mass ■pcctrum. 
observed by So and WflJuiu. 14 of soot deposited on • KCt-costed 
stainless steel probe tip. Note thai all the peaks here also cor- 
respond to even numbered carbon species. Since only even- 
numbered carbon aggregates can close perfectly it b possible that 
the explanation for this phenomenon is that these species are 
f uilerenes and that the larger species are giant fullerenes of the 
kind depicted in Figure 22. 
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Fit ore 10. Remarkable positive-ion laser desorption Fourier 
transform mass spectrum, observed by Rubin et bL* of the ring 
carbon oxide depicted under low laser power. This oxide which 
might be expected to decarbonylate to yield a Cx monocyclic ring 
has dearly dixnersed to form Cg, buckminstexfullerene! 

r 

A most exciting result was described by Rubin et aL c * 
who have used a combination of organic synthesis and 
Laser desorption mass spectrometry. In a preliminary 
study by the same group (Diederich et aL 88 ) attempted 
to prepare pore carbon rings, a prominent peak for the 
C lB cluster was detected during mass spectrometric 
analysis of a -laser desorbed 18-carbon ring precursor. 
This work has now been advanced in spectacular fash- 
ion; refined measurements on C u and Cm precursors 85 
yield mass spectra which show prominent Cg) and Cj 0 
signals. However most striking is the observation that 
laser desorption of the C^, ring precursor produces a 
mass spectrum containing a totally dominant Ceo signal! 
(Figure 10). This result Buggests that, in the vapor 
phase, a spectacular dimerization process, occurs in 
.which two Cao polyyne / cumulene rings combine in a 
concerted folding rearrangement to form the Cg> cage. 10 
The implications of this process and indeed other as- 
pects of the fullerene discovery for organic chemistry 
have bees considered. 1041 

Some of the moat important of all these experiments 
were those of Homann and co-workers 87 ' 40 who detected 




CARBON A TOWS IM pc C„Lo CLJ5't c 

Figure 1 1. Mass spectrum of C,La cluster complexes ana bare 
C„ dusters as observed by Hesth et al : when LsQ : -dopeo erapruLe 
is laser vaporized (ArF <*L5 eV. 10 mj cm : l. Sole the particulars- 
strong peak for G^La and the absence of s peak for C^La*. This 
result U discussed in section VI (adapted from ret* T • 

Cgo* in a sooting flame. These observations are dis- 
cussed in more detail in section VII. 

V. Stability and Intrinsic Properties of C u 

. After the buckminsterfullerene structure was pro- 
posed 3 the intrinsic properties of the species were 
probed by the Rice/Sussex group. 5 * -54 It was clearly 
vita] to determine how reliable the experimental ob- 
servation of the "stability* of the C w cluster «.*as. i.e. 
how "special" or "magic" the cluster actually was and 
how certain one could be about the buckminsterful- 
lerene hollow cage explanation. After all. the proposal 
appeared to rest entirely on the observation of a single, 
strong mass spectrum peak at 720 amu (Figures 5 and 
6), and such highly circumstantial evidence needed 
further support. Mass spectrometry is particularly 
susceptible to erroneous conclusions drawn on the basis 
of magic numbers due to the likely presence of ioniza- 
tion and fragmentation artifacts. Various aspects of the 
original experiment led to the conclusion that the cation 
mass spectrum (Figures 5 and 6) was most probably an 
accurate reflection of the neutral cluster distribution. 
Nevertheless it was necessary to carry out experiments 
in order to probe the behavior of Cg, more deeply in 
order to generate further evidence; albeit still circum- 
stantial, to support the stability conclusion and the cage 
structure proposal. 

During the period from 1985 to 1990 many experi- 
ments were performed by a number of groups operating 
in the cluster field which probed carbon behavior with 
a view to confuming or falsifying the fullerene-60 pro- 
posal If Cgo really were a cage then the most obvious 
next step was to attempt to trap an atom inside the 
cage. The first result, in this context, was the obser- 
vation of CeoLa by Heath et al 7 By using a graphite 
dbk, Boaked in LaClj solution a strong signal was ob- 
tained for the monolanthanum complex CeoLa, with no 
evidence of a peak for C^La* (Figure 11). Cox et aL w 
questioned the conclusion. They pointed out that, since 
6^ needs two 6.4 eV (ArF) photons for ionization and 
CgoLa only one, the relative strengths of the CeoLa* and 
bare Cao* MS signals should not necessarily be taken 
. as reliable ^gauges of their respective abundances, and 
a possible CmLa>,+ sienal mieht be too ww»V tn rW~-t 
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CAR80N ATOMS PER OJUSTER 

F*ire 12. Carbon charter ions A""*^!^ 
cannon*" (a) native ion* produced by d^UngaK^Fw 
g£r i„to the wffldedurii* expansion, (b) pc**« c ^j^*f t 
ta^eZod directly daring voporixatfon in the n^^J 
t^dof the KrF exciiner tor.and (c negnUvc ion, produ^d 
Meetly during vaporizntion in the nozzle, again ^thout ^ aid 
^Se^^amTlascr but with longer n^deocx tune m th. 
diSLint region than in the case of the positive ion* depicted 
^O^S fromrcfS^ copyright 1987 Gordon and Breach 
Science PubKahera, Inc.). 

Cox ct »L CT W discussed further the cage hy^«is 
in general end metal atom enc^r^ticm m paxtoto 
and after detailed assessment they conclude ^overall 
their observations are non-committal over whether Cgo 

was a caee or not. . . 

For SI smaller carbon speder the 
play the well known magic number* 11,15,19. ZJ tfne 
Ladled "An = 4' effect, d Figure 4) whereas the 
Negative ions exhibit a different sequence. 11 The 
naner inmouncing the original discovery' assumed that 
Se^epectoVipires 5 and 6) reflected accurately 
neutral carbon duster distributions. If the buck- 
mlnsterfullerene structural proposal were correct how- 
ever., the positive end negative ion distributions would 
he arrjected to exhibit a aimflar prominence for the 
eo^bonatoin analogue. The first experiment to 
probe this possibility" showed that negatave tons^pro- 
duced by laseTionization just after the cluster beam 
exited from the nozzle exhibited an anion 
trum in which Cf was dominant In tto exneranent 
the neutral species became negatively (charged by 
• election transfer. If the positive or negative ions, pro- 
educed' directly by vaporization ore stadied,tfis found 
°^orJy^fter clusteringis allowed to continue for a 
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Klrurc n. Mrtastable nusMMlyred ion kinetic energy scans 
(\ScES) published byRadietaL" The psmitioo (on the nfht) 
SlS^ed by ttemaeoetie «nary*r and the >j«-"£>£ 
is a ecu. of the deetroatatie anaJyxer volUee. The P"™"™ 
raeiwfa 8 keV. C, loo ie observed Iron CV 
teW) Note the dramatic difference. » sxtotable acUv.ty as 
3 bythe relative mtenrife of ^ P™i^p«b. ^« 
to their parent ions in these two case* (reg™^ *<>» ™« 93 « 
copyright 1990 the American Institute of Phyucs). 

sienificant length of time is the <V anion dominant* 6 
oU»erwise it U not* Some examples^ mass spectra 
recorded under various conditions' a^res ented 
in Figure 12. Cor, Reichmann, and Kaldor" describe 
some Intriguing relative time-of-fUght differences in 
behavior between various individual 1 dusters^ in par- 
ticular C and Cbq. which are highly dependent on the 
nozzle parameters. These experiments appear to sug- 
gest that wall reactions may occur m the nudeaUon 
channel. It is possible that what was observed mthis 
experiment wasC., deposited in the channel which 
subsequently desorbed. The rnam evidence for the im- 
pedance of wall effecta lies in ^ede^onof C^K 
dusters when a new. pure (Le. K free) carbon target 
replaces a previous one doped with pc^um. 

Important observation, have had a be^onAe 
stability of The very early «P^^.^„ 1°°^. 
field etel» showed that C*, was Buscep^leto rnuto- 
pboton fragmentation. A series of stud.es by Bowers 
and^wortes*** showed that C. could undergo 
metastebTe fomentation. Particularly mtoestmg is 
S"Sat C„ exhibita much lower metast*- 
bflity than other neighboring d^te^ch a, C« a. 
shown in Figure 13. These ^«^^£J~ 
may exhibit phenomena associated 2"™^°^ 
~rLps an tateigtring form of surface fluidity. On the 
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ATOMS PER CLUSTER 

Figure 14. Fragmentation products under ArF (15 mJ cm"*) 
irrediation observed by O'Brien et nL H Under irradiation the 
mass selected C m + cluster (including ca. 20% and ca. 10% 
C(x) ia here seen to fragment unto smaller even dusters: Cm 
etc. by Ion of etc. Particularly ictercstmg b the obeervntion 

that C*) and Cjq ere favored fragmentation products (reprinted 
front ref 95; copyright 1988 the American Institute of Physics). 
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Figure 15. Hypothetical f ragmen La lioo—rearrangemenl mecha- 
nism presented by O'Brien et aL, M involving Cj loss and cage 
re-sealing which could explain the fragmentation phenomena in 
Figure 14 (reprinted from ref 95; copyright 1988 the American 
Institute of Physics). 

-other hand, O'Brien et al 95 " and Weiss et al. 96 have 
shown that cold exhibits little, if any, evidence for 
fragmentation. The likely explanation for this disparity 
is that clusters produced under the vacuum vaporiza- 
tion conditions* 8,91-9 * possess massive amounts of in- 
ternal energy leading to metas table C G0 ' f . As special 
behavior is most dramatic after extensive degrees of 
nucleation have occurred it is possible that the 
signal observed under vacuum ablation conditions is 
actually a mixture of isomers, at least in part Related 
• studies by Haaselberger et al? 8 show that metastable 
fragmentation is less severe when clusters are produced 
with lower internal energies. The measurements of 
O'Brien et aL 06 showed that multiphoton fragmentation 
of clusters with 32-80 atoms occurred by elimination, 
of even carbon fragments, C„ (n = 2, 4, 6, rather 
than lower energy Cj species. Particularly intriguing 
is the observation that large clusters, with 70 or more 
atoms fragment to form smaller even-cluster distribu- 
tions in which C^, is special (Figure 14). Clusters with 
less than 32 atoms fragment into a range of *™fl1l»r 
carbon species, a result interpreted as evidence that 
clusters with leas than 32 atoms were not cages. O'Brien 
et aL 96 also presented an interesting mechanism for this 
process which is depicted in Figure 15. Laser irradi- 
ation studies by Weiss et al M showed that the metal 
complexes were also quite resistant to photofragmen- 
tation. They also showed that multiphoton fragmen- 
tation of CgoMt resulted in metal-complex products 
C n M + for which the critical smallest sizes occur at n = 
48. 44, 44-42 for M = Ca, K, and La, respectively 
(Figure 16). 'Hiis result provided strong circumstantial 
evidence for metal atom encapsulation because the 
minimum physical cage size scales with the ionic radius 




CYCLOTRON FREOUtNCr (fcHil 

Figure 16. High-order pbotofragmentaiion pa turn of C«K~ - 
(above) and CoCs* (below) detected by FT-1CR mass spectrom- 
etry by Weiss et aL* The break-ofb observed al C^Cs* and C M K* 
are in excellent agreement with expectation for the smallest . 
fullerene networks capable of encapsulating the metals, based on 
the known ionic radii (reprinted from ref 96: copyright 1988 
American Chemical Society). 

of the metals in the series. 

Prior to the isolation of macroscopic samples of the 
fullerenes (section DC) several experiments were carried 
out in order to determine their physical, mainly spec- 
troscopic, properties. Tandem TOF-MS experiments 
were devised to explore the possibility that the spectra 
of C m (neutral) and Cm* (the positive ion) might be 
responsible for the astrophysically intriguing diffuse 
interstellar bands (section XI). These experiments in- 
volved the resonant photodissociation of a van der 
Weals complex of benzene with neutral Cgo and 
It proved possible to photofragment Cgb-CgHc but not 

.the ion complex, C^-C^H^ probably because charge 
transfer forces bind the adduct too tightly in the ion 
complex. 91 Very weak photofragmentation of the neu- 
tral complexes of Ceo with C^Hc and CH 2 Clj was ob- 
served at 3860 A by depletion spectroscopy. 98 

Yang et aL" used an ingenious technique developed 
by Cheshnovsky et ai lC0 to observe the TJV photoelec- 
tron spectra of negative cluster ions. In these experi- 
ments the spectra of carbon clusters from C^ to C M 

. nave been observed. Of particular interest are the UPS 
patterns of Cgo, and C70 which show a low energy 
LUM0 feature consistent with closed shells for the 

. neutral species. Ca, had the lowest electron affinity: viz 
2.6-23 eV. These observations provided further strong 
support for the fullerene proposal The ionization po- 
tential of Ceo was obtained in an elegant way by Zim- 
merman et aL 101 -" 0 who used a series of charge transfer 
measurements with various reactants of known IP to 
bracket the IP of CW 7.61 ± 0.11 eV." This result was 
consistent with conclusions drawn from early experi- 
ments which indicated that the IP lay between the 
energy of the ArF exefmer laser (6.4 eV) and that of the 
F« laser CIS eV> hecaniw C— who 9-~u~* — j 1— 
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ArF and 1 -photon ionized by Fj. 108 * 7 . . , 
As mentioned in section IV, the most intriguing and 
convincing spectra were those obtained w the mfrared .. 
studv of Kratschmer, Fostiropoulos, and Huffman m 
1996*- 11 (see further details in sections Vm and LX). 

VI. Reaction Studies 

The first reaction studies aimed at probing the cage 
concept were those of Heath et aL 7 and Cox et aL * 
(discussed in section V) who studied the carbon/metal 
complexes. Rohlfing et aL* and Heath et aL*- 30 earned 
out simUar reaction studies which focused mainly on 
the properties of the carbon chains. It is also important 
to note that van der Waals complexes can form in the 
supersonic beam if Ceo k cold. ■ 

When various gases such as CO f NO, and SO, were 
introduced into a reactor, placed dowmtreamfrom the 
nozzle in which C ro is formed, Zhang et al lM showed 
that all the even carbon clusters were totally unreactive. 
The odd clusters were, on the other hand, very reactive. 
These experiments gained significant further support 
from the studies of McElvany et aL 10 and Weiss et aL 
which showed C w and its analogues to be extremeiy 
unreactive in an ICR trap. However if gases are mixed 
with the driver gas in the nozzle, reactions can take 
place before and after C^ is formed. With hydrogen, 
a wide range of hydrocarbon products is detected 
(Rohlfing, 104 Hallett et aL, 106 and Doverstal et aL 
■Rohlfing has used an in-line reflection modification ot 
the duster beam technique and made some very careful 
high-resolution mass Bpectrometoicmeasurementsof 
the reactions of clusters Card*, with hydrogen. 1 " The 
variations in reactivity appear to be structure related 
and consistent with the cage proposal. The study 
suggests that chain cluster species with as many as 44 
carbon atoms may be present. Complementary ex- 
periments by Hallett et aL 106 and Doverstal et aL' 
indicate that dusters in the (VC40 show at least 
three different types of reactivity as evidenced by the 
- mass spectrometric patterns of the hydrogenated 
products. The observations 11 * are consistent with the 
proposal that small fuHerenes (C*> C*, C^ C^Cco) can 
form. 8 They are also consistent with the fact that 
formation that no 22 atom fullerene can exist, as 



VI I. Gas-Phase Carbon Nucleatlon and C w 
Formation 

It would appear that most workers in the field are 
able to observe special behavior fairly easHy and under 
a wide range of conditions, all of which have one major 
feature in common; C w appears to be dominant only 
when nucleation nears completion, leaving behindUo 
and other even-numbered relatives such as Cro- This 
result has one obviously simple explanation; . at least 
some fraction of the even dusters— particularly Cep— is 
unreactive toward growth into macroscopic particles. 
The spontaneous creation of C«> requires a mechanistic 
explanation. In particular, entropy factors dearly need 
to be carefully assessed when it is proposed that so 
symmetric an object is formed in a chaotic plasma. A 
feasible nudeation mechanism was P^vided by ZJiang 
et aL ,n and refined further by Kroto and McKay. 
The nudeation model proposes that curved sp -linked 
(aromatic) carbon networks form (Figure 17) and can 
serve as embryos for further growth. The energetics of 
sheet carbon duster radicals is invoked to explain the 
curvature/partial dosure. Essentially the drive toward 
closure is governed by the energy released as a result 
of eUminating the edge dangling bonds. For instance 
a flat gmpbite-Kke sheet of 60 atoms would have at least 
20 dangling bonds, whereas fullerene-60 would, ot 
course, have none. In general, in a chaotic system, 
partly dosed, overlapped embryos, such as that shown 
in Figure 16c, are expected to form and which, once 
overlapped, cannot dose perfectly. These species are 
probably highly active nudeation sites to which per- 
manent chemical binding of adsorbing fragments can 
take place. Of course some form of dos^e/annealmg 
process might take place if the temperature is high 
enough for intra and extra network rearrangement to 
occur It was proposed"*'" that during thu .general 
spiral nucleation process some exnbryos would jdose 
forming fuDerenea, particularly fuUerene-60 which 
would no longer present a site for efficient accretion. 
The proceasb primarily a physicoche^c^ nudeation 
scheme in which' the fullerenes act as-deadends for the 
most rapid nudeation. 
After embryo formation, epitaxial growth has been 
' shown to result in icospiral graphitic giant molecules 
nr micrcroartides 1 " with structures consistent with 
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Fig are 1&. Comparison by McKay et aL ,1U13 between TEM images of polyhedral graphitic microparudes observed by Iijima"" and 
simulated TEM images for a hypothetical spiral shell particle predicted by the nucleatioo scheme depicted in Figure 17. The fairly 
round particle observed by Iijima which is depicted in a and b is seen to exhibit a similar pattern to the simulation top right. On 
the other hand the more polygonal particle, shown in c and d, exhibits a similar pattern to the simulation shown bottom right- The 
simulations are for the same particle observed from different angles. The hypothetical particle has shell interconnections which cart 
most easOy be seen in the lower right simulslion. In b and d the polygonal outlines are delineated. 



those of spheroidal graphitic micro particles observed 
by Iijima in 19&U ,aU16 Kroto et al lluu have provided 
further support for the scheme in the form of TEM 
image simulations based on the icospiral concentric shell 
-structure concept, 108 in excellent agreement with the 
Iijima images as depicted in Figure 18. Roulston et 
aL 113 have shown that certain electronic and structural 
properties of amorphous semiconducting carbons can 
be explained on the basis of a spheroidal graphitic in- 
frastructure, rather than by the traditional flat mi- 
crostructure. Yacaman et al lu - ut have shown that FT 
power-spectra processed, electron microscope images 
of carbon microparticles appear to be consistent with 
the quasiicosahedral spiral substructure. 106 Attention 
has been drawn to the fact that small graphitic micro- 
particles actually consist of crystalline quasiicosahedral 
graphitic cores surrounded by amorphous carbon sur- 
face layers. nW0B Interestingly, Iijima 110 has shown that 
the TEM structure at the nucleus* of one of the carbon 
microparticles, studied earlier 108 was consistent with the 
image expected if it were a Ceo With hindsight 
this result demands further serious investigation to see 
whether fullerene-60 can itself be encapsulated during 



later stages of particle growth. 

Wales 111 has considered some statistical aspects of the 
growth dynamics of closed-cage structures and Bemholc 
and Phillips have discussed the kinetic factors involved 
in the growth of carbon clusters in general. 116 

It was also suggested that a modified form of the 
nu election scheme, devised to account for the sponta- 
neous creation of Co, could also explain the spheroidal 
nature of soot. iauawiQiSuls This proposal was criticized 
by Frpnklarh, Ebert, and co-workers 120-123 who favor an 
earlier theory, which invokes the physical condensation 
of flat PAH molecules held together by van der Waals 
forces into coagulating liquid drops. However, Harris 
and Werner point out how little has been firmly es- 
tablished about the soot formation mechnnism. 1 * 4 It 
can in fact be demonstrated 125 that the new scheme b 
broadly consistent with kinetic, structural, and chemical 
observations made on soot and its formation process. 

The new nucleation scheme predicts that some C^, 
should form as a byproduct 101,108 of soot production. 
Subsequently Gerhard t, Loffler and Homann/ 1-90 in 
studies of the ions produced in a sooting flame, found 
conditions under which the mass spectrum shown in 
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Firure 19. Maaa spectrum, observed by Gerhard I, LofTlrT. and 
Homann of positive ions produced by a sooting benzene t 
oryeen fUme (C/O « 0.7S) (reprinted from ref 87; copyright 1387 
Elsevier Science Publishers). 

Figure 19 is obtained. This spectrum is almost identical 
with that observed during the pure carbon laser va- 
porization experiments where is the dominant ion! 
Homann and co-workers conclude that this observation 
should not be taken as support for the new spiral nu- 
cleation scenario as the tell-tale eyen ions with a dom- 
inant Ceo* peak are not seen until after the inception 
of soot particle formation. The carbon/hydrogen re- 
action studies 10 * -106 promise to shed further light on the 
soot formation process, but the way in which the results 
might dovetail with the conventional data remains to 
be ascertained. Kroto has summarized the present state 
of affairs from this viewpoint. 125 

VIII. Theoretical Studies of the Futlerenes . 

Theoretical studies predating the discovery of C m 
have been discussed in section IL After the discovery, 
theoreticians had a ball and many aspects of the mol- 
ecule's properties have already been probed. The com- 
prehensive overview of theoretical work on fullerene-60 
presented by Weltner and Van Zee 1 is here conflated 
with more recent work. 

One important aspect of the original experimental 
observations was the fact that Co °ko showed special 
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behavior. Topological and chemical stability arcy 
merits, as discussed by Kroto 8 and Schmalz el al./ ex- 
plain this observation as being entirely consistent with 
the fullerene proposal. Indeed these studies suege? lec 
that if the C a mass spectrometry signal *ere due :■• 
its having a closed cage fullerene structure. C-r shou:c 
show special behavior also, for the same reason. Thu? 
most importantly and rather convincingly, the lullerrnr 
structure proposal no longer rested on the single lint 
observation. In fact it had now gained sicnifitar.: 
further support by the fact that a prediction had beer, 
made and neatly confirmed. Indeed the two ubsc ra- 
tions, taken together, provided convincing evidence 
the existence of a whole family of fuUerenes and further 
•probing suggested that in addition to Cgo and C^. the 
Cj«. C». Caa. and C» clusters (Figure 20) should aU«- 
show varying degrees of special stability*- 9 (N.B. fui!- 
erene-22 cannot exist 107 ). 

The dominance of and C70 was ascribed to the fact 
that these are the smallest fullerenes that can have an 
isomer (one in each case) in which none of the 12 pen- 
tagonal configurations, necessary and sufficient 
closure, abut. 63 It was shown 850 that the predictions 
were commensurate with the mass spectrum obtained 
by Cox et al. n (Figure 21) and consequently there ex- 
isted convincing experimental evidence for the fullerene 
"family proposal Since even-numbered carbon clusters 
are detectable with as many as 600 or more carbon 
atoms, 84 the possibility of giant fullerenes 1 *" 2 ? such as 
C,4o and C^o shown in Figure 22 appears to be an ex- 
citing possibility. 60 

Isomer stability has been discussed by Stone and 
Wales 121 who noted that the difference in energy be- 
tween isomers is small and suggested that the sienaj 
.should be due to a mixture of isomers. This result i; 
difficult to reconcile with the observation (Figures 5 and 
6) since it leads to the conclusion that C w is no more 
special than other clusters such as Cq. Potential energy 
functions have now been developed for the carbon cages 
systems by Takai et aL lM and Balm et al. m The sim- 
ulated annealing, Monte-Carlo methods used by Zer- 
betto 130 to study the behavior of small carbon clusxers 
- have been applied by Ballone and Milani" 1 in order to 
show that the fullerene cages are minimum ene re- 
structures. 

A group theoretical analysis of the electronic prop- 
. erties of the fullerene family, by Fowler and Steer. 1 * 
showed that the members, d where n = 60 + 6fe {h » 
0, 2, 3, 4, Le. an integer other than one), should have 
closed-shell electronic structures. The degree ofaro- 
maticity in a compound is of interest, and the number 
of Kekule structures is often considered to be a guide. 
A total of 12500 for fullerene-60 has been calculated 
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Figure 21. Time-of-flight mass spectrum taken from the data 
of Cox. Reichmann, and Kaldor The strong peaks arts in ex- 
cellent agreement with expectation" if they correspond to 
fullerrnes. The fullerene* 24, 28, 32, 50. GO, and 70 (Figure 20) 
axe predicted to exhibit enhanced stability, i-e. are magic Note 
the sharp cutoff at C, 4 which is consistent with the fact thai a 
no 22 atom fullerene can form. 

by Schmalz et al., 13J Hosoya, 131 Brendsdal and Cyvin, 134 
and by. Elser. 135 Resonance circuit theory has been 
applied to this problem by Schmalz et al., lsw Klein et 
a] :xli37 ^ weU ^ Randic, Nikolic, and Trinajstic 138 " 1 * 0 
These studies indicate that account must be taken of 
the fact that some resonance structures make negative 
contributions to the aromatic stabilization. Schmalz et 
aJ. 9 compared resonance circuit theory with Huckel 
molecular orbital (HMO) theory and concluded that 
should be less 'aromatic than benzene. Amic and Tri- 
najstic** 0 discuss stabilization arising from bond der- 
ealization. Graph theory has been applied to and 
to other systems by Balasubramanian and Liu 1<u<a and 
also by Dias who has circumvented group theory in 
order to simplify Huckel calculations. 10 Huckel cal- 
culations on fullerene-60 have been made by Hay- 
met 1400 and the stabilization due to delocalization 
discussed. Jiang and Zhang 145 have calculated the 
stability of fullerene-60 by Huckel theory using moment 
analysis techniques. Hess and Schaad 14 * as well as 
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Aihara and Hosoya l4T have also applied Huckel theory 
to the problem, focusing on aspects of spheroidal aro- 
maticity. 

Fowler and Woolrich 1 * 8 have made three-dimensional 
HMO calculations which predict that and are 
dosed shell systems. Fowler 1 * 9 extended this approach 
in order to assess the stability in other, larger fullerene 
cages, while Fowler. Cremona, and Steer 160 have dis- 
cussed bonding in nonicosahedra! spheroidal fullerene 
cages. Fowler 1M has ertended these ideas to various 
classes of cylindrical fullerenes and predicted closed 
electronic shells with an empty non bonding orbital for 
clusters consisting of 10(7 + 3*) and 12(7 + Zk) atoms 
with 5- and 6- fold symmetry.. Ceulemans and Fowl- 
er i&2.iu considered possible Jahn-Teller distortion 
pathways for icosahedraJ molecules. 

Byers Brown 1 * 4 has discussed the simplification that 
high symmetry imparts to r -system calculations and 
obtained algebraic solutions for the orbital energies of 
fullerene-60. Electronic and vibrational properties were 
calculated by using a two-dimensional HMO method 
by Coulombeau and Rassat. 155 SemiempiricaJ calcula- 
tions including the effects of nonplanar r -orbital 
overlap due to curvature have also been carried out by 
using the free-electron model in the Coulson-Golu- 
biewslri. self-consistent Huckel approximation by Ozaki 
and TakahashL 156 Haddon et al. lsu " have also con- 
sidered the effects of nonplanarity, Le. pyramidalization. 

Extended Huckel calculations by Bochvar, GaTpem, 
and Stankevich 159 and INDO and INDO/CI calcula- 
tions by Feng et al. 160 have been applied to Cgj and its 
isomers. A comparison between C w and graphite was 
made by MNDO with geometry optimization by New- 
ton and Stanton. 151 McKee and Herndon 162 also ap- 
plied MNDO theory to cage carbons and concluded that 
the flat "graphitene* cage, 144 in which two coronene 
sheets are linked by pentagonal rings at the edge to 
form a disk- like structure should be more stable than 
fullerene-60. These authors also considered the mech- 
anism of formation arising from rearrangement. Reh- 
ybridization and bonding were studied by Haddon, 
Brus, and Raghavachari who applied the ^-orbital axis 
vector/3d-HMO (POAV/3D HMO) method 15715 * and 
concluded that larger clusters were favored. It was also 
postulated that fullerene-240 should be more stable 
than Cay Luthi and Almlof 63-165 have carried out 
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Figure 22. The set of fuBerenea C^, C^* and 0** with diameter* in the ratio 1:23. Kroto and McKay™ - showed that quasiicosahedral 
ahape develops rapidly for the giant fuDereaea. Strain is the giant fuHereoes b mr m ^ tmA to be focused in the regions of the eorannulene-like 
cusps. The surface thus becomes a smoothly curving network connecting the twelve- cusps (reprinted from ref 108; copyright 1SBS 
MacmiUan Magazines Ltd.). 
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large-scale Restricted Hartree-Fock cakuUtiors and they 
Sdfl„t AH, = 415-490 kial/mol (rekUye to 
S?te) the electron affinity should be OS , jV «d the 
EtioD energy 752 eV. The electa* affinr* VU eV) 
has been calculated by Larsson, Volosov, and flgsen 
and by Braga et aL"» Schulman and D.sch« have 
calculated the heat of formation on the baas of ab initio 
SOP theory* 

Hale 189 determined electronic properties, such as the 
ionization'energy for fuIIerene-60, by the discrete var- 
iational (DV>Xa method using the Skter transition 
state formalism. Such calculations tend to be good for 
spheroidal systems- Hale's orbital energy level diagram 
for funereneW fa reproduced in Figure 23. T*e hnear 
combination of muffin-tin orbital method in its atomic 
sphere approximation (LMTO ASA) was applied l by 
Satpathy> Calculations in which the partial retention 
of Differential overlap Pr^DO approach was applied 
were carried out by Marynick and Estreicber^.Stone s 
tensor surface harmonic theory was used by Fowler and 
Woolrich. 1 * 8 The IMOA method (iterative maximum 
overlap approximation) was applied to a range of 
-falreLbyKovacev^ 

hybridixation, structure and the amount of strain m 
. these cages- Haddon ro has discussed degree of pyram- 
idalixation corisiderations for fullerene-eO and other 

aromatic compounds- r \'< . - 

Fahre and Rassat have reviewed the properties of 
' u aromatic molecules which are essentially com- 




In some of the cslcuktions the electronic spectra of 
the fullerenes were the main focus. The calculations 
of Kataoka and Nakapma 175 and Lasdo and Udvaroi 
used the Pariser-Parr-Pople method (with CI) to de- 
termine spectra, structural parameters, and oscillator 
strengths. Optimized INDO calcuktions werepub- 
lished by Shibuya and YosbitanL" 7 The electronic 
structure arid the spectra bavjtalso 
CNDO/S method Cmduding CD by Larson et aL and 
by Brags et aL lCT Hayden and Mele m evaluated x- 
bonding behavior using the tight-binding model with 
■ electxon-phonon coupling for the pound and excited 
states of fullerene-€a Jahn-Teller mstabOiues m the 
exerted electronic states and the ion have been classified 
by Negri, Orlandi, and Zerbetto" 9 who have also esti- 
mated Franck-Condon patterns and phosphorescence 

q ^ve^rai y c£lations focused on the vibrational 
properties of fullerene^O. The result of primary (and 
historical) significance is that only four fundamentals 
arem activedue to the high Bymmetryof ^ 
Of the 174 vibrational modes givmg nse to funda- 
mentals of various symmetries^ four have ^Bymmetry 
. and are IR active whereas 10 (eight h, and two a,) are 

R Newlm^Starfun lfl Rave P«*^ tSSK^kl! 
vibrational behavior of fuIlerene-60 using MNDO the- 
anTA nonOtttesiim comdmato^ethod was employed 
to describe the Qrfphrations m terms of Wforce field 

Z~Z^l~ ^5->-W u^<Un~* 190 AK mifirt 
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SCF /STO-3G calculations of the vibrational properties 
of C a and olner symmetric carbon cages have been 
published by Discfa and Schulmnn in Schulman el al. 
have applied the ab initio and AMI methods to full- 
erene-24 and fullerene-60 in order to obtain heats of 
formation, vibrational frequencies, and ionization en- 
ergies. Coulombeau and Rassat have considered the 
vibrations of several fullerenes up to fulierene-120. 
They have also discussed hydrofuHerenesJ 84 In addi- 
tion to calculating the rotational properties on the basis 
of icosahedral symmetry analysis, 184 Weeks and HarUtr 
have carried out a normal mode study on the basis of 
a classical spring/mass model IBi They have akodb- 
cussed the rovibrational properties of fullerene-€0. 
Stanton and Newton 190 extended and revised earlier 
MNpO studies giving detailed information on the 
normal modes. They have derived group theory in- 
variance theorems for vibrational analysis and have 
discussed the A* vibration which essentially consists of 
rotary oscillations of the pentagonal rings. Cyvin et 
aL 191 used a 5-parameter force field to calculate the 
frequencies of the four ER active and 10 Raman-active 
modes; and Brendsdal et aL m have considered ap- 
proximate methods in order to determine all 46 vibra- 
tional frequencies. Brendsdal 125 has discussed the 
symmetry-coordinates. 

Slanina et aL have carried out a harmonic vibrational 
analysis within the AMI method for fullerene-60 and 
also fullerene-70. 194 The study has been extended to 
include consideration of structural, energetic, and 
thermodynamic properties of both species using MMP2 
and MNDO methods. 1 *" 1 * 7 Bakowies and Thiel 1SMUW 
have used the MNDO approach to calculate the IR 
spectra of a whole range of fullerenes from C^-C^ F° r . 
Cjo they deduce that one vibrational band should be 
significantly more intense than the rest, see section X. 

Heymann has discussed the possibility that He may 
be trapped in a fullerene-60 cage. 200 Calculations have 
been made of the spectroscopic properties of various 
intracage complexes by Ball ester et al 301 assuming the 
central atom is trapped in a polarixable uniform 
(spherical) dielectric cage. Kroto and Jura 202 have 
discussed the importance of charge-transfer processes 
in the spectra of neutral and ionic fullerene intra- as 
well as ertracage (van der Waals) complexes. For the 
ions the energy is just the difference between the ion- 
ization potentials of the cage and the encapsulated 
species. Van der Waals complexes such as Cro-H* are 
likely to be particularly important (section XI). Rosen 
and Waestberg have calculated the electronic structure 
of CgoLa (and Geo) obtaining ionization energies and 
electron affinities for the neutral and ionic species 
within the local-density approximation.* 01 " 0 * Saito 20 * 
has also used the local density approximation to cal- 
culate the electronic properties of CqqM (M = K, 0, CI). 

Theoretical calculations have been carried out on 
fullerene-60 derivatives such as hydrofullerenes by 
Coulombeau and Rassat 184 and by Scuseria 206 who has 
also considered the perfluorofullerene, CeoFeo- Crystal 
packing .considerations for spheroidal molecules in- 
cluding fullerene-60, have been discussed by Wil- 
liams.* 07 

Several papers have focused on the likely electrical 
and/or magnetic properties of the fullerenes is partic- 
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Figure 24. X-ray diffraction pattern of ■ microcraaUine powder 
of fuIJertne-60 obtained by Kratschmer. Lamb. Fostiropmilos. 
and Huffman. 4 Inset (upper left) a ■ single-crystal electron 
diffraction pattern (ihown in more detail in Figure 25) indexed 
with Miller indices compatible with the X-ray pattern. This 
pattern provided unequivocal evidence that the 0© species they 
had isolated wat a round bail 10 k in diameter in perfect 
agreement with expectation for buckminsterfullerene i reprinted 
from ref 4; copyright 1990 Macmilian Magazines Ltd.). 

and London theory, calculated the ring current mae- 
* netic susceptibility and concluded that the shielding 
should be vanishingly small (less than I ppm) due to 
cancellation of the diamagnetic and paramagnetic 
contributions. Utey concluded that fullerene-60 should 
not show normal aromatic behavior. Studies by Fowler. 
Laizeretti, and Zanasi 210 and Pauling 211 have suggested 
however that the diamagnetic term has been underes- 
timated. From large scale ab initio, coupled Hartree- 
Fock calculations (involving all electrons) pf the po- 
larizability and magnetizability of and Cjq 2 *, Fowler 
et aL 510 conclude that the shielding should be roughly 
the same as for related aromatic systems. Haddon and 
Elser 212 have discussed their own results 108 - 309 and 
reinterpreted those of Fowler et aL 210 and conclude that 
the latter study is consistent with a small delocalized 
susceptibility. Schmak*" has argued that the Fowler 
et aL 210 interpretation is correct. The NMR study of 
Taylor et aL 6 yielded a chemical shift for fullerene-60 
which is fairly typical for an aromatic species. Fowler 
et aL 214 have extended their approach to the calculation 
of the shifts in fullerene-70, obtaining results consistent 
with observation and confirming the line assignments 
made by Taylor et al 6 This problem is further dis- 
cussed In section X. 

/X The isolation. Separation, and Structural 
Characterization of FuUerenes-SO and -70 

■ 

Almost five years, to the day, since the special be- 
havior of the Ceo signal was recognized (Figure 5) and 
the bucloDinsterfuDerene proposal made, 3 macroscopic 
samples were isolated and characterized. Kratschmer, 
Lamb, Fostiropoulos, and Huffman/ in following up 
their earlier IR observations, 5 ' 74 discovered that at ca. 
300-400 *C a Bolid material could be Bublimed from the 
* deposit obtained from arc-processed graphite. They 
found that this sublimate was Boluble in benzene and 
could be crystallized. The X-ray and electron diffrac- 
tion analyses (Figures 24 and 25) of the crystalline 
material bo obtained (Figure 26) showed it consisted of 
in A M i 1 ' 1 — 1 
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figure 25. Sihgle-crvstal electron diffraction pattern of fuDer- 
ene-GO. 4 Further details of indices are given in Figure 24 (repnnted 
from ref 4; copyright 1990 Maemillan Mazarines Ltd.). 
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Figure 26. Transmission micrograph of crystals extracted by 
Kr&tschiDer et aL 4 from the deposit of arc-processed graphite. 
Thin platelet*, rods and stars of hexagonal symmetry arc oboervrd 
(reprinted from ref 4; copyright 1990 MaaniDan Magazines Ltd.). 

by ca. 3.1 k (in graphite the interlayer distance is 
3.4-3.5 A). These authors also reported IR (Figure 27), 
UV/vis, and mass spectra of the extracted material 
Bands of C70 were present (weakly) in the IR spectrum 
and, in the UV/vis spectrum, some features of fuller- 
ene-60 were masked by those of fullerene-70. These 
results provided the first confirmation of the fuller- 
ene-60 structural proposal 

In a parallel and independent study of similarly 
Reprocessed carbon, Taylor et el 5 had also shown that 
Ceo wa3 Present by FAB-sampled mass spectrometry 
and that a red soluble extract could be obtained by 
treating the carbon deposit directly with benzene, 
Taylor et aL 4 processed the extract by the Soxhlet 
procedure and obtained a material which mass spec- 
trometry showed to -contain a range of fullerenes, Cga 
and Cto in particular (Figure 28). This material was 
chromatographed by using hexane/ alumina, and C^q 
i and C^ were thereby separated into a magenta and red 
/ fractions, respectively. "C NMR measurements yielded 
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Figure 27. Infrared spectrum of fuUerene-60 presented by 
Kr&tschmer et aL 4 showing the four fundamentals in excellent 
agreement with expectation for the proposed fullerene-60 
structure. Weaker features belong to fuflerene-70 (reprinted from 
ref 4; copyright 1990 Maanillan Magazines Ltd.). 




Figure 28. FAB-aampled mass apectrum, obtained by Taylor 
et al/ of the soluble material extracted from arc-proteased gra- 
phite. Apart from unequivocal evidence for C» and Cp in the 
extract there is also evidence for other even-numbered carbon 
epecies, particularly and 1 Co (reprinted from ref 6; copyright 
1990 The Royal Society of Chemistry). 



proof that all GO atoms are equivalent— a result totally 
cornmensurate with the budoninsterfullerene structure. 
There is of course the alternative solution that all the 
atoms are located on the perimeter of a monocyclic ring. 
This (explosively) unlikely possibility was eliminated 
by the NMR Bpectrum of C70 which consisted of a set 
of five lines (Figure 29c) with a chemical ^shift pattern 
and relative intensities commensurate with the fuller- 
ene-70 structure (Figure 30b) first suggested by Heath 
et aL 7 This result not only confirmed the fullerene 
5/6-ring geodesic topology but also eliminated the 
possibility that the carbon atoms might be fluxionaL 
Almost as important is the confirmation, by this result, 
of the existence of other members of the fullerene 
family.' 

X PostbackmlnsieffuBereoe Research The 
First Restttts 
Since the revelation that macroscopic samples of the 
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_ — ur NMR roectrn obtained from chromAtDgraphicaUy 
F1 ?S Za " ^7rS2^S^ofS5»te material **ta£ted from 

!^lIl^(dh!pectruBi of a purified aample of C» ™. ™j* 

TUt Vpeemm eliminated any ^^ d ^^ K fJlo«tId 
tWtht C atomi were either QuxionaJ or perh»pi loc*t«i 

of . monocyte A* It ^ f j£^ «"£5 
ft* t+» rfaKKtv of other member* of foDmne taar~l Mpnnuo. 




(toed on diatnuni of SUnina et ai«). AD ^et^ " 

SrS^^tC^^^^ 
shown In Fiftm 29. . 
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Firure 31. UV/vis apectra of chromatographically «PJ^ 
and U«£eS£' in hexar* Ration (rrpnot^d from 
ref 216; copyright 1991 Elsevier Science Publishers). 



TABLE L Properties of C« Buctanin.U rf nllerene 

Vibrational Frequencies 
ar-tobs)- em(obt)' 

577 570J ft* 

H83 U69.1 }l£ 

. X-ray Data" 
HC-C) •= 1-388 (9) A sir-»ix rin* fusion 
KOC) « L.432 (5) A 6ve-*ix ria* fusion 

NMR Data** 
chemical ahift (benxene aom) U2.68 ppm 

Electxowc^Spectroecopic DaU 
electron affinity* 2.6^8 eV 

UV/v« bandV> "J^^CTO (brd) Cmax. 500, MO. 570. 

GOO. 625) run 

iR , fBfrMl i ^Rcfcr«>ce218. 'Reference 191. rf Reference 222. 

abTref. 215and 228). * Reference 99. 'Reference, Wl.l0i239. 
2^ i tetonce 216 (aae abo 2151. *See abo Figure 31 

31). Reber et bL™ have obs^ed a lumines^« 
Bpectnim. Fmm et aL*» have oteerved la 
ektiBg IK emission spectrum from a hot B^s-phase 
Kme sample. The frequencies of the observed ^ 

bands are given in Table L e.,\i*«n« * 

Tbe avaiLbuity of significant quantaties Wertn* 

S rfpohCTdSc aromatic chemistiy. Haufler etaL : 
^tet^B undergo Bbch teduction to produ* 
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cm 



• /enqr eiiiraoidi) of the one-to-one 

C^miurt tetrox.de. adduct j^^Jg ^KfiScnc^O 

^c^^tioTfor the Advancement of Saence). 

which 12 isolated double bonds te^BK^TJy **e 
^agonal rings. The reduction ap^ to be rever^ 
Smp Evidence for the existence of a C»U complexwas 
^ iThtSe laser vaporization approach, usedor, 

and its analogue^ f ^ osmium complex 

* have now obtained ^^^^Y^analvas that 

been elhninated by ^ 
yielded the ^^^iS tK" ob- 

SEt which is probably 

Sex^t^lSfl^Se rate and^oV 

■ ^Xtl^ -^r^en when 
- -™Aing ti*i*«^- ^ £j* infrared 
Segment* „7dnWogiai*^;«^^ 



fullerene-70 obtained Jry !*■«.* «. JlfLnub The dashed 
^ted ^jun -"jta—J"^ lUnsitJoVthe very 
curve m laneanmated ^ejeto ^J*°« -i ^ fe^ arbitrarily 

^^%^f-^^ », The 
Royal Society of Chemistry). 

ene-70 together with the calculated spectrum of Ba- 
kowies and Thiel"^ is presented m F.gure 33. 3e- 
SS? et al« and Dennis et ^^^"tlnSa- 

measurements of «"«^ B ^ 
phase NMR. studies of unpunfied f ^ e ^l°^T^ 
tnhWann et al™ confirmed the result of Taylor et ai. 

f«Uy ctaomatographicaDy purged sam- 
i,W that the fullerene-60 resonance is a single line. 
Se^«ba^eabo confirmed the NMR measure- 
Sofa single line for fuIlerene^O £ 
fullerene-70; the former on a separated 
iatter on a mixed fuflerene^/-70 sample. ^2DNMK 
analysis on fullerene-70 by JobnsonetaL J**™T 

^.T' : .*«?«» have made solid-state NMK 
and Yannoni et bl ob™ ^ motion is 

measurements down to 177 ^ w " ere "™ j" . 
SiEry slow for chemical »bift^o date te be 

sistentwith a ^ e< ^% a ow ^Tote?£at when 
discussion ta »«ta»VnD. 3^ted wW> the NMR 
this result ^tocompaitd ^.™g*£St character 
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pwn. 34. X-ray diffraction pattern obudoed byMacKayet al£ 
chroma tocTaphicaUy purified fuller^t^ wmple. The 

SSt^^Iedb Usiad* thai of a strong* *"^.f^ 

oTTSople hexagonal close-packing, exactly as ' ?* 

£££ The hexagon*! unit eel refines to o - 

and c = 1M02 ± 0-01 and contains two C»sphera. TV* spheres 

would be 10 017 A between center, and the calculated density 
AA £ 1 6B p cm" 1 The lines can be indexed as ibown and it 

3St tied AS because of the -tpU-T^^^ 

reciprocal lattice tows parallel to c for which -h + k .« 3n are 
. STTne c/. ratio of 1.637 is very dose u .the 

Saiue of 1.633 and thus the pattern can udso be ^X|d -,th 
resDect to a face^centered cubic lattice (with o «= 

oTc^metall with stacking disorder which 
aLd 400 reflections and which introduces a^ry w^l^e <U>e 
ftratl at a spacing of o/{B/3) t ' 1 due to double diffracUon from 
^ckingiauE, The inUnsity variation of the pattern as a whole 
«mM«nds to the transform of a sphere of radius 3-5 A giving 
?S£2&£~* the region of 2* « 25* Since the «y*Uis 
h TO £ture of FCC and HCP arrays, extracted crystalline material 
probably contains solvent molecules trapped in the faults. 

et al 135 and Chen et al. 06 have depositedj^erene 
monolayers on gold and studied them by STM. The 
spherical mblecules tend to form mobile hexagonauy 
ricked arrays on a surface. Chen et aL» observed bc^ 
density variations on the surface of fulferene-60 which 
are highly suggestive of five- and six-membered nnp. 

The preliminary X-ray observations were made by 
Kratschmer et al. 4 working with crystalline inatenal 
consisting mainly of fuHerene-GO with some rullerene-70 
present. A recent X-ray diffraction image was obtained 
by MacKay et aL 07 using chromatographically purified 
fuUerene^ (Figure 34). This image is commensurate 
with a completely random mix of HCP sndFCC arrays 
of fuUerene-60 molecules. Fleming et al 238 obtained 
Durely FCC structured crystals from vacuum sublimed 
material The implication is that ^^ially^fPP^ 
solvent probably stabilizes the mixed FCC/HCP crys- 
tals. It appears that fullerene-60 spheres are rotating 
in the lattice 231 and that when rotation ceases at low 
temperature the crystals are still disordered at the at. 

omic leveL 0 " 2108 ^ ^ 

A most interesting study as far as theoretical chem- 
istry is concerned is that of Lichtenberger et 
• who' measured -the pbotoelectron srxjetrum of fuller- 
ene-60 on a surface and in the ges phase (Figure35). 
The results are in good agreement with toe theorebcal 
. (DVVXa study of Hale 1 ® (Figure 23). The first IP of 
tuUerene-60, 7.61 eV, is nicely consistent witiitiie result 

5*u 




Ts 10 

Ionization Energy (« v ) 

r*ure 3S. Gas phase (upper) and Ain film Oower) H^^«« 
pbotSecrxon spectra of fuUerene^O obtained £J^* n ^£ 
et al*"* 0 The DV-Xn results of Hale 10 (see Figure 23] I which 
appear to be in good agreement with observation are w»d*caujd 
Spited from ref 239; copyright 1991 Elsev,er Science Pub- 
Ushers}. 

Luffer and'Schram 1 " have made electron ionizaUon 
mass spectrometric measurements on fuUerene-60. 

Several papers presented at a special symposium on 
the fullerenes (Nov 1990) have been collected together 
and published by Averback et aL wa Some of the most 
important experimentally determined properties of 
fullerenes are presented in the Table L 

XI. Astrophysfcal Implications of C eo 

Although low-temperature ion-molecule processes 
(Herbst and Klemperer" 3 and Dalgarno and Black ) 
can account for most interstellar species, the long cya- 
nopolyynes presented a problem. It was experiments 
which probed the possibility that carbon stars ^ might 
be responsible for them 51 * which revealed the stability 
of fuUerene-60. 3 An important aspect of the experi- 
ments lay in the possibility of probing the conjecture 
of Douglas 40 that carbon chains might be responsible 
for thedSuse mtersteuar bands (DIBs). The DIBs are 
a set of interstellar optical absorption features of var- 
ying widths which have puzzled astronomers and 
spectroscopists since the mid- 1930s. He'big^ pub- 
lished the definitive analysis of these features,^ 
Many possible contenders for the carrier have been 
suggested, however no generally accepted explanation 
exists so far. This is strange as the species responsible 
is dearly abundant, chemically bound (Le. not atomic), 
and must be quite stable in order to survive m the 
hostile interstellar environment or, if destroyed, be very 
efficiently reformed. The types of carrier appear to be 
few in number and must have very large electronic 
absorption coefficients, f 

The possibUity that Ceo might be the widely deb- 
uted in the Universe and particularly in the outflows 
from carbon stars was suggested when the original 
discovery of its stabifity was made,Mt was also pointed 
... out- that the fuHeren^GO surface might be anjmportoit 
site for the catalysis of interstellar reaction and per- 
haps K (or a derivative) might be responsible for wch 
features as the DIBs. There fa one key argument, 
- associated with the prtmoael that 

fwmiTPd or rm-iontred. comnlexed or otherwise) mav be 
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the carriers has that all previous suggestions do not: 
fullerene-60 and its analogues arc unique in thai they 
appear to survive the violent processes which occur 
when the atomic components of a chaotic plasma con- 
dense to form particles. Various aspects of this original 
conjecture, particularly with regard to possible denva- 
tives such as intracage complexes both ionized and 
neutral, have been discussed 55 " 58 in general terms. 

As far as the neutral fullerene-60 species in space is 
concerned, the negative results of searches based on the 
laboratory measurement 98 has been published by Snow 
and Seab* 47 and Sommerville and Bell is/" 

The conditions in the ISM are such that a large 
fraction of any fullerene-60 molecules present is likely, 
tb be ionized and thus it has been pointed out that the 
spectra of ionited fullerenes such as C«* or fullerene 
analogues (such as the cage complexes C«>M ) might 
be responsible for some astrophysical features. ^ 
Leger et al 34 * and Joblin et aL 250 have taken up the C«, 
proposal and considered it further. 

Complexed species (section VIII) in the interstellar . 
medium are particularly interesting as any C m present 
is likely to be ionized and probably have something 
stuck to its surface. As the DIBs exhibit features rem- 
iniscent of matrix spectra, the possibility that intracage 
complexes^ 57 - 2 "" 300 as well as the extxacage complexes^ 
might be responsible has been discussed. Heymann 
has considered the He intracage complexes and Bal- 
lester et al other likely species containing O, Na, etc. 
Kroto and Jura 202 draw particular attention to the fact 
that the charge transfer bands of the (C^M)* intracage 
complex and the van der Waals extxacage complex 
(CfioT-M (M = alkali, alkaline earth, or other element) 
are likely to be very strong. Particularly interesting are 
possible relationships that charge-transfer transitions 
might have with the DIBs and perhaps also the strong 
unassigned 2170 A absorption feature which has purged 
astronomers for over seven decades, Hoyle and Wick- 
ramasinghe 151 suggested that C OT itself might explain 
this feature and further calculations relating to this 
possibibty have been discussed by Braga et aL ■ «*" 
biHzirov 2 " has also discussed these possibilities. 
Wright 153 has discussed the general optical /UV char- 
acteristics of fullerenes and concludes that the observed 
interstellar extinction is not consistent with the pres- 
ence of significant quantities of spheroidal parbdes with 
. graphite-Uke outer shells. In this respect the existence 
of the amorphous carbon surface layers surrounding the 
• graphite cores of carbon microparticles may well be 
important" 6 From the UV/vis spectra obtained so 
far <ais.m ft ig dear that neutral fullerene-60 is not re- 
sponsible for either the DIBs or the 2170 A hump. 

There are also s6me intriguing interstellar emission 
features in the ER, termed the uiudentified mfrared 
bands (UIBs), which have been assigned to FArt-like 
material by Duley and WiDiams, 554 Leger and Puget, 
and Allamandola et aL 1 " The assignment rests largely 
on the reasonable correspondence between the astro- 
physical frequencies and those of polycydic aromatic 
molecules which are usually used for fingerprint iden- 
tification of large PAHs. Balm and Kroto 251 have dis- 
cussed the fact that, if the fullerene-60 concept is cor- 
rect, PAH material in space is likely to be nonplanar. 
$ Jfefc? They point out that one feature, namely that at 1L3 
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The new results also offer possible new avenues of 
study as far as condensed carbonaceous matter m the 
cosmos is concerned. According to McKay et aL . 
caged carbon clusters may offer a plausible explanation 
of some of the isotope anomalies observed m the ele- 
mental analysis of carbonaceous chondrites particularly 
the ^Ne anomalv. Clayton 2 * 9 has pointed out that 
condensation in the atmospheres of supernovae might 
explain the so-called Ne-E anomaly. McKay et al. 
have suggested that this observation might be explained 
bv encapsulation of r Na in fuUerene cages or icospiraJ 
embryos during the dust formation phases that follow 
supernova and nova outbursts. Subsequently, the decay 
of a Na yields an encapsulated n Ne atom. Zinner et 
air 260 have pointed out that isotope anomalies are only 
to be found in spheroidal carbon grains. So far the only 
evidence that C m might exist in space is an unconfirmed 
report by Anderson.-* 61 

XII. Conclusions 

It took some 15 or so years before the imaginative 
theoretical conjectures of Osawa and Yoshida 11 and 
Bochvar and Gal'pem ,T - ,R were realized in the discovery 
of the stability of the Ceo mass spectrometry signal in 
19B5; A further period of five years elapsed during 
which time many experimental measurements and 
theoretical studies were made. By-and-large the theo- 
retical work (section VIII) substantiated the idea that 
biickrninsterfullerene should be stable. As time elapsed 
the weight of circumstantial evidence grew and ulti- 
mately became convincing. The key observations in- 

elude: . , 

(1) Detection of monometallic complexes indicated 

that atom encapsulation was feasible. 7 - 96 

(2) Further cluster beam studies showed 60 to be a 
magic number whether the carbon species^was posi- 
tively or negatively charged or neutral. 

(3) Reactivity studies showed the molecule to possess 
an inertness that was consistent with closure and the 
absence of dangling bonds. 10196 . . 

(4) The pentagon isolation principle explained the 
observation of as the first magic number and 

as the second** Thus it was shown that the fullerene 
hypothesis rested on the observation of two magic 
numbers and not just one. Further refinement of the 
geodesic principle explained other observed magic 

numbers. 63 , ^ 

(5) Large fullerene networks were found to possess 
quasiicosahedral structures and thus related giant 
concentric cage species' 08 appeared to explain the in- 
frastructure of the carbon microparticles observed by 

Iijixna ^ 

(6) Photoelectron measurements of Yang et al." were 
also quite consistent with the fuUerene conjecture. 

These and other studies (discussed m sections V-VTO 
thus had laid the background 

infrared observation of Kratschmer et « ~ 
They were led to make this observation .by considering 
that some intriguing optical featjjres »^ «82 
might be due to buckminsterfullerene. These obser- 
vations were followed up by rMts^er L^b 
Uropoulos. and Huffman* and Taylor et aL. end the 
resuh^have revolutionized the field m now the 
material can be made to quantity and the properties ol 



1232 CtorrtcaJ Ravfews. 1&9l. V. I. Ho. 6 

It is interesting to note that the motives for the ex- 
periments which serendipitously revealed the sponta- 
neous creation and remarkable stability 3 of C^, were 
astrophysical Behind this goal lay a quest for an un- 
derstanding of the curiously pivotal role that carbon 
plays in the origin of stars, planets, and biospheres. 
Behind the recent breakthrough of Kratschmer et al. 
in producing macroscopic amounts of fullerene-60, lay 
similar astrophysical ideas. 4 It is fascinating to now 
ponder over whether buckminsterfullerene is distrib- 
uted throughout space, and we have not recognized it, 
. and that it may have been under our noses on earth. 
' or at least played an important role in 9ome very com- 
mon environmental processes, since time immemorial. 

The material is already exhibiting novel physical and 
chemical properties and there can be little doubt that 
an exciting field of chemistry and materials science, 
with many exciting applications has opened up. One 
of its most important properties is its ability to accept 
electrons. The low- lying LUMO causes it to be a soft 
electrophile. 

It is perhaps worthwhile noting that C^, might have 
been detected in a sooting flame decades ago and that 
our present enlightenment has been long delayed. How 
serious this delay has been only time will tell; however, 
already fullerene chemistry is a vibrant field of study 
- and the prospects for new materials with novel prop- 
erties is most promising. Certainly, a New Round 
Postbuckminsterfullerene World of carbon chemistry 
appears to have been discovered, almost overnight. It 
should not be long before the molecule becomes a 
standard in textbooks; indeed construction procedures 
' for fullerene-60 and giant fullerenes are to be found in 
the educational literature. 126,255 

Warning 

The UCLA group has pointed out the importance of 
treating the material with great caution at this time - 
when so little is known about it. 20 Its ability to catalyze 
the formation of singlet oxygen and its novel chemical 
behavior inevitably suggest the possibility that the 
fullerenes might be carcinogenic. Particular care should 
be taken to ensure that the dust is not inhaled during 
preparation of the soot itself. 
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engine Jet controls pumps engine 

Diagram ©f a typical aircraft fuel system. 



is usually such that ell the fuel supply wifi pass to the engines by 
way of the main tank, uiuch ts refilled as necessary from th* aux- 
£^ tanks, b case of emergency, the system selector vata> may 
connect the auxiEary tanks to the engines cfiroctiy. fp.CMSJj%&] 

FugacHy A function Introduced by G. N. Lewis to facilitate 
the application of thermodynamics to red systems. Thus, 
when fugatities ant substituted (or partial pressures -in tlie mass 
action equilibrium constant expression, which applies strictly 
only to the ideal case, a true equtfibriurn constant results for 
real systems os wefl. 

The fuqadty f x of a constituent i of a thermcdynarnic system 
is defined by the following equation (where ft, is the chemical 

potential and a function of temperature only), in combina- 
tion with the requirement that the fugatity approach the partial 
pressure as the total pressure of the gas phase approaches zero. 
At a given temperature, this is possible only for a particular value 
for m* t which may be shown to' correspond to the chemical ' 
potential the constituent would have as the pure gas in the ideal 
gas state at 1- atm pressure. This definition makes the fugarity 
identical to the partial pressure in the ideal gas c*<*> For real 
gases, thA rato of fugacity to partial pressure, called the fugadty 
coefficient, wiS be deca to unity for moderate temperatures and 
pressures. At low temperatures and appropriate pressures, it may 
fee as small as 0.2 or less, whereas at high pressures at any tem- 
perature it can become very targe. See Activity frHBRMoovKAMics}; 



Fldlerene Anwlocule containing an even number of carbon 
atoms arranged in a dosed hollow cage. The MScrenes were 
discovered as a. consequence of astrophysicaJly motivated 
chemical physics experiments that were interpreted by using 
Geodesic architectural concepts. Futlerene chemistry, a' new 
field that appears to hold much promise for materials develop- 
ment and other applied areas, was bom from pure fundamen* 
tal science. See Carbon. 

h 1985, fifteen yean after it was conceived theoretically, 
fee molecule buckrninstfiifulleicne (C™ or tuDerene>60) was 
«scovered sererKfipitousiy. r\dkaene^a(see iSustraticn) {$ the. 
archetypal member of the fuflerenes, a set of hoBow, dosed- 
cage molecules consisting purely ofcarbon. Hie fuDerenes can 

ccrisldered, after graphite and diamond, to be the third wefl- 
defined aSotrope of carbon. 



In the fuflerene molecule an even number of carbon atoms 
are arrayed .over the surface of a dosed hollow cage. Each 
atom Is trigonaAy linked to its three riear neighbors by bonds 
that delineate a polyhedral network, consisting of 12 pen- 
tagons and n hexagons. AS 60 atoms in fuUereneHSO are equiv- 
alent and fie on the surface of a sphere distributed with the 
symmetry of a truncated icosahedron. The 12 pe n tagons are 
isolated and interspersed symmetrically among 20 finked hexa- 
gons; that is, the symmetry is that of a modem soccetbalL The 
molecule was named after R. Buckminster Fuller, the inventor 
of geodesic domes, which conform to the same underlying 
structural formula. Three of the four valence electrons of each- 
carbon atom am involved in the sp 2 sigma^x^nding skeleton, 
*and the fourth p electron is one of 60 Involved in a pkklocal- 
ized rTK>lccubr-OrintaI electron sea that covers the outside (exo) 
and inside (endo) surface of the 'molecule. The resulting cloud 
of pi eleoron density is similar to that which covers the surface 
of graphite; indeed, the molecule can be considered a round 
form of graphite. See Electron configuration; Graphite. 

Rjfierene-60 behaves as a soft clcctrophile, a molecule thai 
readily accepts electrons during a primary reaction step. It can 
acceot three electrons readily and perhaps even more. The mol- 
ecule can be multiply hydrogenatcd, methylated, orrtmonatedr 
and fiuorinated. It forms exohedral complexes in which an atom ' 
(or group) is attached to the outside of the cage, as well as endo- 
hedral complexes in which an atom [fur example, lanthanum 
(La) , potassium (K), or calcium (Ca)| is trapped inside the cage. 




Structure of C«(buckmlnsteftuDerene). 



Fuflerene materials have been available for such a short time 
that applications are yet to be «stabBshedL However, the prop- 
erties already discovered suggest that there is Bkely to be a 
wide range of areas ir\ which the fuDerenes or their derivatives 
v/B have uses. 

-RiDerene>60 was discovered as a direct result, of physico- 
chemical investigations that simulated processes occurring in 
stars and in space, Consequently the fflceEhood that hderepes, 
in particular fuflerene-60, and analogs are ptesent in space is a 
fascinating cortfecture, KWJC1 

Fuller's earth Any natural earthy material (such as day 
mfiierials) which decolorizes mineral or vegetable oils to a suffi- 
cient extent to be of economic importance. It has no miner- 
alogic significance. The day minerals present in fuBer's earth 
may Include montmorillorute, attapulgite, ond kaollnite. 
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a. Mass spectra of C 70 

b. HPLC traces (11.1 minutes) 

c. C 70 solution in toluene 

d. C 70 crystals 
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Remnants of a planet that /bf/ed fa /bm 
Still no technological fix for oil spills. 
What made higher life-forms possible? 




BuckybaR, the third form of pure 
carbon, cages an atom in its lattice. 
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Fullerenes 



Tfose cagelike molecules constitute the third form of pure 
carbon (the other two are diamond and graphite). Ceo* the 
archetype, is the roundest molecule that can possibly exist 

by Robert F. Curl and Richard E. Smalley 



In May of 1990 Wolfgang Krttsch- 
mer sod his student Konatannnos 
FottJtorxuJca carefulty 
dropt ol benzene with a specially pre- 
pared carbon toot. The clear solvent 

turned red. * 

Exdttdly, the two worker* far the 
Max Planck Institute for S\Klear Phy- 
tic* in Heidelberg telephoned their col* 
laboratoci, Donald Huffman and Low- 
ell Lamb of the Unlvtiiity of Arizona 
in Tucson, who quickly repeated the 
experiment. Tht oedtement continued 
u the two groupi canmwnleated dally 
by telephone tad foe, exchanging mea- 
surements of the materia) — lti Infrared 
and ultraviolet spectra, Its X-ray diffrac- 
tion pattern find Its mas* spectrograph. 
Yet, the values aD matched those pre- 
dicted for the 60-atnm carbon duster 
bucxrnmitcirullcrcoc. 

Even though some theorists had ar- 
gued that this hollow, scccerbaD-shaped 
molecule should be detectable In abun- 
dance In iuch everyday circumstances 
ai a cimriV flame, the German-Ameri- 
can team had actually found It, succeed- 
lug where all others had failed. They 
were the first to observe this roundest 
of aD round molecule*, and they knew 
that chemistry books and erxyctopedias 
would never be quite the same. Now 
there were three known forms of pure 
carbon: tht network soHrii, dlfrmohd 
and graphite, and a new dasi of dis- 
crete molecules— the rullerenea. 

When we heerd of mis breakthrough 
a few monthj later in Texas, we cele- 



ROKERT F. CURL and RJOURD B. 
SMALLEY of Riot Uarvcrxlry ha ve collib- 
OETttccd for the put »evto years Is re- 
search on carboa tnd tnakondueror 
chutcrs In supersonic beams. Cut is a 
proteins' tn, and chairman of, the dt- 
partmenl of rhrmfitry. Smalley li the 
One and Norman Kadcen&aa Prof euor 
of Qkexalstry and A profeaior of phyt- 
ic*. Ftar the part fivt yean, bt bai alto 
served as the ehklrman of tht ttet caiaa- 
turn tnitltutt. 



brattd. with champagne all around. For 
although we had to some extent been 
scooped, we bad been vindicated as 
welL Prve years earner we had had our 
own Eurekal experience. Together with 
our colleague Harold W. Kroto of tht 
University of Sussex and our itudents 
Jaroes R. Heath and Sean C O'Brien, we 
. had found that C« could be made In a 
uniquely stable form simply by User* 
vaporizing graphite in a pulsed jet of 
hrhrnnj We had gone on to propose 
that this extraordinary stability could 
be explained by a molecular irructure 
having the perfect lymmetry of a soc 
cerbalL Because the arthJtecwal prtn- 
dpla also underlies the geodesic dome 
Invented by the American engineer 
and philosopher R. Guckmmster Puller, 
we named 1c buckminrttxfuflerene, or 
buckybaQ for abort 

In addition to C„. another molecule, 
Cro« appeared to be quite special in 
these early experiments. We soon found 
that the stability of C- could be under- 
stood If the molecule had also taken 
the form of a geodesic dome. As Fuller 
bad pointed out, aU such domes can be 
considered networks of pentagons * nA 
hexagons. The lfitlKxrftirySwiurnath- 
emarJdan Leonhard Euler calculated 
that any such object must have precise- 
ly 12 pentagons in order to close into 
a spheroid, although the number of 
hexagons can vary widely. The soccer 
ball structure of C M has 20 hexagons, 
whereas the structure we proposed for 
Cyobas 25, producing a shape reminis- 
cent of b rugby balL 

In fact we had found that all the 
even- numbered carbon dusters greater 
than about 32 atoms in size were re 
markably liable (although less so than 
60 or 70\ and the evidence soon led us 
to postulate that aD these molecules had 
taken the structure of geodesic domes. 
Again, In honor of Fuller, St seemed 
fitting to term mis entirely new data of 
molecules the *fuDerenea/ 

We later learned that such molecule! 
had already been Imagined. David E. 
K. Jones, writing under the pseudonym 



•Daedalus" in the bkw Sdsntftf in 1966, 
had conceived of a "hollow molecule" 
made of curled-up graphitic sheets. Oth- 
ers had predicted the stability of 
from calculations and tried— unsuc- 
ceirfuDy— to synthesize It We, howev- 
er, were apparently the Dirt to discover 
that the material could form sponta- 
neously in a condtntmg ctrbon vapor. 

Although our evidence was sound 
and our conclusions were supported 
by extensive further experiments and 
theoretical calculations, we could not 
collect mora than a few tens of thou- 
sands of these special new molecules. 
This immmt was plenty to detect and 
probe with the sophisticated techniques 
available in our laboratory, bat there 
was not enough to see. touch or smell. 
Our evidence was indirect, much aa it 
Is for physidsts who study antimatter. 
For now, the fuDerenes existed only as 
fleeting signals detected m cur exotic 
mnrrilnri, But is chemists, we knew 
that the new material ought to b« par* 
f ectry stable Unlike annmatter, the geo- 
desic forms of carbon should be quite 
safe to hold In one's bare hand All wt 
had to do was make mart of them— 
bfllians andblUlans more. 

Thus, for five years, we had been 
searching for ■ metbpd of pro- 
ducing visible amounts of the 
sniff. We called our efforts "the search 
for the yellow vial" because quan- 
tum cunuatlons for such a soccerbaD- 
ahaped carbon molecule suggested It 
would absorb light strongly only in the 
far violet part of the spectrum, We 
were not alone. Our initial K ioccerbaIl a 



HYPERFULLERENE STRUCTURE called 
a Rnsdaa tgg Is txptcud to form aloof 
with ordinary fullerant* hi a lesex"vt- 
potteed carbon phone. Shown here is 
tht most symmetric form: a at tht 
core is encapsulated by fuHertnei hav- 
ing 240, £40 and 960 atoms. This pro- 
cess could continue indefinitely to pro- 
duce a macroscopic particle wbott 
tagoos art in scosabtdriS alignment. 
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proposal, published la hlaturr in 1985, 
had nude the quest one of the hottest 
In chemistry. 

In oar laboratory we collected the 
sooty carbon produced by the vapor- 
tztrJon liter while using various chemi- 
cal technique* to detect the presence 
of C|q. Wt durritd the soot In benzene* 
for example, and looked for i yellow 
color. But the solution in our test tubes 
saved deer, with boring black soot sit- 
ting on the bottom. The community of 
duster chemists ran many more so- 
phisticated. e?qxrlments but achieved 
no better remit. 

Many gave up hope of ever seeing 
the yellow vul They reasoned that al- 
though the ruUerenes may be stable, tt 
was too hard to separate them from the 
other soory maierUl being produced 
In the vaporttarton experiment*. Per- 



haps, the workers uld. some dedicated 
chemist might one day extract a few 
micrograms with some spedal solvent, 
but no one seriously expected to be 
available In bulk anytime soon. 

In the end, the breakthrough was 
made not by chemists but by physi- 
cists working In a totally different 
area. Huffman, Kritschmer tnd their 
students had been engaged Tor decadej 
in a study of Interstellar dust, which 
they assumed to consist mainly of par- 
ticles of carbon (the most common par- 
ttde-forming element). They therefore 
modeled tne phenomenon tn the labo- 
ratory by vaporizing carbon and con- 
densing It tn &s many ways as possible, 
Optical test* figured Li mo«t of the 
arudiea. (Virtually all rhit Is known of 
the lntemellar dust stems from obser- 



vations of how It absorbs and scatters 
starlight.) 

In 1983 the phyaidsts tried evapo- 
rating a graphite rod by resistive heat- 
ing in an atmosphere of h»it»ni They 
noticed that when the helium pres- 
sure was jolt right (about a seventh 
of an acmoiphereX the dust strong- 
ly absorbed wavelength! in the far ul- 
tra violet region, creating a peculiar, 
double-humped ipearurn [sit bottom 
Illustration on pcyt 5f J. Most observ- 
ers would have mUaed the two blips 
on the screen, bur not Huffman and 
Krttschmer: they had studied spectra 
of carbon dust for years without en- 
countering such as effect They dubbed 
It their "camel" (ample tnd wondered 
what It meant. 

Nearly three yean later, In the late 
fall of 1985, Huflman read in Naturt of 




SOEwrmc American Octob€ri991 53 



\ 



«*tu JB/U£ »■ rud^aiiy7 PftCE 5 (pRlKTLD PAGE S) ) 

OCT 62 '91 17:^6 V ~* E 91=U£Y 713-2955320 





our discovery of C M and began to won- 
der If i hollow soccerball molecule 
might 'be the cause of the double hump. 
Yet this explanation seemed too good 
to be true, for U required that C w ac- 
count for ■ significant portion of the 
simple. Why would so much of the car- 
bon end up In such perfectly symmet- 
ric cages7 Whar did the helium do to 
ni&)cc it possfble7 The seerning unllXeB- 
nesi of this hypothesis, together with 
some difficulty in reproducing the ex- 
periment, led the researchers lo put the 
project on the bade burner. 



By 1989. however, Huffman and 
XrJUcchroer had become convinced that 
the C M bypothetli ought to be reex- 
amined. They renewed their Interest In 
the camel sample, readily reproducing 
the resulti of the 1983 experiment!. 
This rime their attention tamed to 
.measuring the sample's absorption of 
Infrared light — the wavelengths that In- 
teract with the vibrational morion of 
molecules— in order to test the result* 
against theoretical predictions that had 
by. now been made for socccrbaJl 
These predictions held that of the 1 74 



vibrational modes of this putative mol- 
ecule, only 46 would be distinct, and 
only four would Appear In the infrared 
range. To their surprise, they found the 
camel sample did display four sharp 
infrared absorption lines, they vtr* 
lfied that the llneB were present only 
in carbon dust produced in the spedal 
camel way. This finding provided strik- 
ing evidence that C w might be present 
in abundance. 

Influenced by their baclcgrourid in 
physics, the workers Initially chose to 
test their hypothesis by a rather in- 
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vorvcd route. They prepared a sample 
from pure '^C, a heavy Isotope of car- 
bon, and verified rhar rhe extra nuns 
shifted the four infrared bands In the 
way expected for so large a molecule 
composed exclusively of carbon. Ulti- 
mately, however, they realized that the 
simplest assay followed a basic dicrum 
or organic chemistry: like dissolves like. 
Should their sample dissolve In an aro- 
matic solvent, such as benzene, this 
would support the predJctcd arorwtticl- 
ry of to. Because benzene molecules 
take the shape of a ring of carbon at- 



oms. C U) would thus be seen as a kind 
of spherical benzene. 

When tho Kratschmer-HurTman jiroup 
firmly added benzene lo their camel 
sample and saw the color red develop, 
they realized rhcy were looking at the 
first concentrated solution of fuUercncH 
ever seen. They evt ported ihe *ot\rnt 
and found thai tiny crystals remained, 
■which readily rcdlssolved. These crys* 
tab couJd be sublimed under t \-aoj' 
urn near 400 degrees Celsius and con- 
densed on i cold microscope slide to 
form wrooih film* of *olid material* 



which Krtuchmer and Huffman chris- 
tened "fullerlte." 

In thin layers these films were yel- 
low (a fact that those of us at RJcc Uni- 
\rrsiry who searched for t "yellow vial* 
find hJtfhJy Rrallfylngl. Although it took 
a while to obtain precise numbers, It 
in now known ihat carbon dust pre- 
pared in the camel way produces an 
cxiraciable Mlcrcnc mixture midc up 
or rouehJy 75 percent C (<) 4thc soccer- 
ball J. 23 percent C n , (the rugby ball) 
and a grab bag of larger fullerenei. 

Merc was a new form of pure,, solid 
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FULLERENE FACTORY make* macroscopic sample* la a carbon arc Tin arc— 1 r«- 
noeroent of an apparatus developed by Wolfgang Kratschroer and Donald Huff- 
man— freti carbon atoms that coalesce Into sheets, Inen helium holds the sheets 
near the uc long enough (or them to cloxe in on themselves, tannins ftilkrcntx. 
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CLUSTER GENERATOR designed by one of the author* (Smafley) produced the Mm 
evidence, thai fulltrenei can form from carbon vapor. A pulaed laser vaporize! car- 
boa a gust of helium then sweeps the vapor Into a supersonic beam whole expan- 
sion cools the atoms, condensing them. 




CRUCLAi GRAPHS: In 1985 the duster-beam general or thawed many tven-imm- 
bered carbon dusters, tipedally C w , suggeidng that that* fp«cUs an panlcularry 
stable. The bumped ultraviolet abiarpoon spectrum led klriuchmer and Huffman 
to dub it the 'cexnel* sample; in 1990 it wai shown to contain C^. 
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carbon, It ii the on)y pure, finite form. 
The other two, diamond and graphite, 
arc actually infinite network solid*, in 
the real world, one usually d#nif with 
bunks of diamond cut out of larger bulk 
crystals. Under normal conditions, the 
surfaces of such a piece are Instantly 
covered with hydrogen, which ties up 
the dangling surface bonds. Graphite is 
much the same. No piece of diamond, 
therefore, can ever be truly pure under 
• normal condition*. The fullerenes, on 
the other hand, need no other atoms to . 
satisfy their chemical bonding require- : 
menu on the surface, in thia tense, the 
fullerenes are the first and only stable' 
forms of pure, finite carbon. 

Once the Kritschmer-Huffrnan re*' 
suits were announced at a conference 
la Konstanz. Germany, in early Septem- 
ber 1990, the race was on, The study of ■ 
C w end the fullerenes had been tha 
province of the few select groups that' 
had something like our elaborate and 
expensive User-vaporization duster- 
beam apparatus. Now Kratschmer and 
Huffman had. opened the field to any- 
one who could procure a thin rod of 
carbon, a cheap power supply, a bell" 
Jar vacuum chamber and a few valves 
and gauges. Everybody could play, 

Within a few months, many, 
groups were making their own - 
fullerenes. Physicists, chem- 
ists and material 1 scientists thus began 
an Inttrdisdplinary feeding frenzy that 
continues to intensify as this article is 
being written \set box on page 62). The 
key results have been quickly repro- 
duced in over a dozen laboratories, 
some of which have applied alterna- 
tive procedures of verification as welL 
Because fullerenes art readUy soluble 
and vaporizable molecules that remain 
stable in air, they are perfectly suited 
to a wide range of techniques. 

One of the most powerful tech- 
niques— nuclear magnetic resonance 
(KMRJ— has confirmed the single moat 
critical aspect of the soccerball struc- 
ture: that all 60 carbon atoms have ex- 
actly' the same relation to the whole. 
Only , the truncated icosahedral struc- 
ture we proposed for C w arranges the 
atoms so Bymrnetrically as to distribute 
the strain of closure equally. Such even 
distribution makes for great strength 
and stability. Indeed, that is why we pro- 
posed the structure In the first place: U 
explains the extraordinary stability of 
the 60-atom apedet. i. 

Because is the most syromerjlc 
molecule possible in three-dimension- 
al Euclidean space, it is literally the 
roundest of round molecules. .Edgeiess, 
charge! ess and unbound, the molecule 
spins freely, as NMR experiment! show, 
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more than 100 million times a second. 
The NMR experiments also dramatical- 
ly verify that hat the shape of a 
tiny rugby balb at room temperature, tl 
spins rapidly about Its long axjj. stop- 
pin« its frantic motion only below the 
temperature of liquid air. 

High-rcaoluiJon electron micro jcopy 
revealed these little carbon balls one at 
a time— as predicted they spanned a bit 
more than one nanometer {a billionth of 
a meter). Scaruiing tunneling microsco- 
py showed that when molecules are 
deposited on a crystalline surface, they 
pack as regularly as billiard balls. X-ray 
diffraction studies demonstrated that— 
as one would eicpect— <:«, crystallizes in 
a face-centered cubic lattice, with the 
balls a little more than 10 angstroms 
apart [see llUustraihn on page 67). The 
crystals are as soft as graphite. When 
squeezed to less than 70 percent of 
their initial volume, calculations predict 
that they will become even harder than 
diamond. When the pressure is reliev ed, 
they are observed to spring back to their 
normal volume- Thrown against steel 
surfaces at speeds somewhat greater 
than 1 7.000 miles per hour (about the 
orbital speed of the U.S. space shut- 
tit), they are Incredibly resilient: they 
Just bounce back. 

We found that the most convenient 
way 10 generate fullerenes consists of 
setting up an arc between two graph- 
ite electrodes. We maintained a con- 
stant gap by screwing the electrodes 
toward each other as fast as their tips 
evaporated. The process worked best 
when the helium pressure was opti- 
mized and other gases, such as hydro- 
gen and water vapor, were rigorously 
eliminated. Such measures produced 
yields of dissolvable fullerenej that 
typically ranged between 10 and 20 
percent of the vaporized carbon. Yields 
as high as 45 percent have recently 
been reported. 

The only Irreducible cost appears to 
be that of the electricity needed -to run 
the arc. But even the small bench- top 
generators we are now using in our lab- 
oratory provide electricity at a cost that 
amounts to only about five cents per 
gram or C ro . Recently Jt has been found 
that a sooting flame (such as that 
of a candle) can be used to produce 
substantial yields of C^. In the long 
run, this may prove the cheapest way 
to make the material. When the first 
larRc-scale applications of fullerenes are 
found— perhaps in superconductors, 
batteries or microelectronics I*ee box 
on page S?|— the manufacturing cost . 
of C w will probably fall close to that 
of aluminum: a few dollars a pound. 
What had recently been described as 
the "most controversial molecule in the 



»bu^omm^ Growth of a Buckyball 



A host of Questions arises out of 
this wonder. What exactly ii the 
* helium doing? How can such 
a perfectly symmetric molecule be 
formed with such high efficiency out 
of the chaos of a carbon arc 7 And, on 
a more personal level, where did we go 
wrong? Why did we, and all other chem- 
ists for that matter, fall in the search for 
the yellow vtoi? Our technltrje Involved 
helium as welL What did the Krarsch- 
rnerHuffman learn do that made such 
a big difference? 

We now believe the answers to these 
questions He In the way carbon vapor 
condenses at high I em p era cures. Linear 
carbon chains appear to link together 
to form graphitic sheets, and the sheets 
anneal u they grow in the hot vapor. 
Finally, stable, cagelike structures are 
favored by 1 key concept, which we call 
the pentagon rule. 

Scientist! had long known that when 
carbon Is vaporized, most of its atoms 
Initially coalesce into dusters ranging 
from two to 1 5 atoms or so. The very 
smallest carbon molecules are known 
to prefer essentially one-dimensional . 
geometries. But dusters containing at 
least 10 atoms moit commonly form t 
monocyclic ring— a kind of molecular" 
Hula-Hoop that Is especially favored at 
low temperatures. At very high temper* 
a turn, the rings break open to form 
units that comprise as many as 25 car- 
bon atoms, taking the form of linear 
chains. Such chains might be Imagined 
to look something like writhing snakes 
at they vibrate In the hot vapor. 

It was these linear carbon chains that 
initially got us Involved la carbon clus- 
ter studies and led to the discovery of 
C^. Our British colleague, Harry Kroto, 
had theorized that the great abundance 
of such linear carbon chains in Inter- 
stellar space may arise from chemical 
reactions tn the outer atmospheres of 
carbon-rich red gtant stars. In the early 
1980s one of us (Smalley) had devel- 
oped 1 supersonic cluster-beam device 
for the general study of small dusters 
composed of essentially any element in 
the periodic table (see "Microclusters,' 
by Michael A. Duncan and Dennis H, 
Rouvrny; Sorxnnc American, Decem- 
ber 19891, 

We produced clusters by focusing an 
Intense pulsed laser on a solid disk of 
the element to be studied. The local 
temperature could readily be brought 
above 10.000 degrees hotter than 
the surface of most stars and certainly 
hot enough to vaporize any known ma- 
terial The resulting vapor was entrained 
In t powerful gust of helium, a cheml- 
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cally inert carrier gas, which cooed the 
vapor to that it could condense into 
imall duttcrs. A* the carrier sac ex- 
panded through a nozzle Into a vacu- 
urn, it generated a supersonic bena of 
dun en whose sizes could be mea- 
sured by & mass spectrometer. 

In 19W & group at Doeon using i copy 
of the cluster-beam apparatus deveJ^ 
oped at Rice had been the first to study 
carbon dusters In this fashion. Their re- 
sults strongly suggested that the linear 
carbon chains Kjoto wanted to study 
were In fact being produced Id abun- 
. dance- la addition, they reported a bi- 
zarre pattern among the larger dusters: 
the distribution was strikingly lacking 
in the species having an odd number 
of atoms. 

The Exxon researchers recorded but 
did not notice that rwo particular even- 
numbered members, C M and Were 
somewhat more abundant than their 
neighbors [see bottom illustration on 
poge S8\. The mysterious even-num- 
bered distribution of clusters was sepa- 
rated from the small linear-chain distri- 
bution by what appeared to be some- 
thing of a forbidden zone— a region of 
duster* between roughly 25 and 35 at- 
oms in size In which few if any dusters 
could be delected. 

The even-numbered distribution 
was soon discovered to result 
from the fullerenea. In one of our 
many studies of Kroto's linear carbon 
chains, we reproduced the Exxon re- 
sults but found something quite strtk» 
tng about iht distribution of large, 
even-numbered clusters. Heath. Kroto 
and O'Brien noticed that the 60ih clus- 
ter teemed five times more tbundant 
than any other even-numbered clus- 
ter In the range between 50 and 70 at- 
oms. This differential was dramatically 
greater than anything that had been 
seen before. 

After much discussion,' Heath and 
O'Brien spent the next weekend play- 
ing with the conditions in the laser-va- 
porization machine '« supersonic noz- 
zle. By Monday morning they had man- 
aged to find conditions In which 
stood out in the cluster distribution 
like a flagpole. By the next morning we 
had had our Eureka! experience, and 
we were playing with every sort of soo 
cerball we could get our binds oa 

W« found that we could explain the 
dominance of the even-numbered clus- 
ters by assuming they had all taken the 
structure of hollow, geodesic domes. 
They were eJ] fuller enes. We could also 
argue that some fullerenea were more 
abundant than othen becautt of tht 
amoothneii of the dusters' surface and 
the natural grouping of pentagons. 



Pentagons provided an Important 
due. Although hundreds of examples 
are known in chemistry of nvt-raem- 
bered rings attached to six-membered 
rings in stable sronatic compounds (for 
example, the nuddc adds inVnlrv and 
guanine), only a few occur whose two 
nvc-membered rings share an edge 
Interestingly, the smallest fuUertne in 
which pentagons need not share an 
edge is C»; the next Is C„. Although 
C n and alilarger fullerenea cm easily 
adopt structures In which the five- 
mexnbered rings art well separated, 
one finds that these pentagons In the 
larger fuHexenes occupy strained peti- 



tions. This vulnerability m*w- t the car* 
ben atoms at such cites particularly 
susceptible to chemical attack. 

The big Question, however, was not 
why fullerenea wen stable but rather 
bow they formed so readily tn laier^vsr 
porlzed graphite, Near tht end of 1985, 
we suggested that the process began 
with linear chains. As the carbon vapor 
began to condense, the linear chains 
would grow long enough to flip back 
on themselves to form large monocy- 
clic Hula-Hoops. As the growth contin- 
ued, the chains would also fold into 
more effectively connected polycydic 
network structures. Because graphite, 




COLQX OF Cp, dependi on its form. This yellow film was sublimed onto a glass 
window that had been bolted to a vacuum oven. The benzene solution is magenta- 




i 

SaomncAKDUCAN October 1991 SI 



\ 



%JCT 02 *91 17:52 DR P E SlPLLEY 713-2855320 



P. 5/8 



the most stable known form of carbon, 
has lis atoms bound is Infinite hexago- 
ml sheets, we suspected that the poly- 
cyclic network duxien resembled piec- 
es of mch ahem. We expected It to 
look like a fragment of chicken Hire. 
Like a cutout section of chicken wire, 



these graphitic iheett would have many 
dangling bonds, maklnj th#m chemi- 
cally reactive— much more so than the 
smaller Untax chaina, which have on}y 
two such bonds, one on each end. The 
sheets, there/ore, wouid not be expect- 
ed to be fibundtnt in the cluster beams, 



Almost as soon as they form, they react 
with other email carbon molecules and 
grow too larjjt to be aeen. This, we be> 
bevt, explains why there Is t forbidden 
zone between the small linear-chain dis- 
tribution and the first «mall fullerenea, 
Gxmlsts arc conditioned to th\n\ 



FuDerene Electronics 



Currency the moit technologically Interesting prop- 
ertles of bulk C 60 are electronic In various com- 
pound forms It functions as an Insulator, a conduc- 
tor, a semiconductor and a superconductor. 

n^ttif^li^ 1112 " when C « molecules pack le- 
ge her like Plnrj-Pong bails In a facccentered cubic latUce 
calculations over the past few months have predicted thu 
this new material is h direct band-gap semiconductor like 
garilum arsenide, All its units stand precisely at their posts 
in a crystalline structure. But unlike the elements of galli- 
um arsenide, the buckyballs spin freely and at random. 
This disorder gives them a certain resemblance to amor- 
phous silicon— a constituent or Inexpensive solar cells. The 
peculiar disorder within order of bulk C„ has yet to be fuf- 
V explored, but It is expected to produce a wholh/ new 
kind of semiconductor. 

Early In 1991 researchers at AT&T Bell Laboratories dis- 
covered that they could mix. or dope, C w with potassium 
to produce a new metallic phase— a bucklde' salt It 
reaches Its maximum electrical conductivity when there 
. are three potassium atoms to each buckyball. If too much 
potassium Is added, however, the material become* Insu- 
. latJng. Subsequent work has shown that K.C I0 Is a stable 
metallic crystal consisting of a face-centered cubic struc- 
ture of buckyballs, with potassium Ions filling the cavities 
between the balls. Potassium bucklde Is the Hrst complete- 
ly three-dimensional molecular metal. 

The Bell Labs team further discovered that thlf K.C. met- 
al becomes a superconductor when cooled below 1 8 kel- 
v;ns. When rubidium Is substituted Tor the potassium, the 
critical temperature for superconductivity was found to be 
near 30 kervtns. (Recently workers at Allled-Slgnal, Inc., de- 
tected Superconductivity at 43 kelvlns for rubldlum-thalH- 
um-doped material.) Careful work at the University of Call* 
rornla ax Los Angeles has shown that the superconducting 
Phase is stable and readily annealecMmperfecUoni can be 
smoothed away by heating and cooling- 

The material can therefore be manufactured as a three- 
dimensional, superconductor, making it a candidate for 
practical superconducting wires. Early estimates of mag- 
netic and other characteristics Indicate that these super- 
conducting bucklde salts are similar to the hlgh-timp^ra- 
lure superconducting ceramics made of yttrium, barium 
and copper oxide. 

* .u Re ff l lV WDrk 11 lh * Unlv «"'tv°' Minnesota has shown 
that high V ordered C„ films can readily be grown on cryv 
talllne substrates, such as gallium arsenide. This attribute 
makes the film a suitable material for microelectronic fabrt- 
cation, freauiifulh/ regular films of the I^C* superconductor 
can also be made \stt micrograph QX right), and the Inter- 

h« e K«^ e0 S C t? cryj ?, M,AC mm the K,C tt material 
has been found to be stable. It may thus lend itself to the 
production of intricately layered microelectronic devices. 

In order for the semiconducting properties of fuUerene 
matenals to be thoroughly exploited, scientists need to 



lea/n how to dopi thtm selectively to make n-typt and 
p-rype fullerent films, which donate electrons and holes, 
respective*. Such doping may Involve putting a dopant 
atom inside the cage, either by growing the cage around 
the atom or by shooting atoms through the carbon walls 
by brute force. Small atoms, such as helium, have already 

^ m wtY hl ° me c " cao€ ' *M h "<™ Hke- 

iy that hydrogen and lithium are Insenable as wen. 

The versatility of bulk C w seems to grow week by week, 
As we go to press, for example, there Is a report suggest- 
no that fullerene complexes exhibit ferromagnetic quai- 
lues In the absence of meu's, an unpareileled phenome- 
non. Also, antlsh workers from the universities of Leicester, 
Southampton and Sussex have Just reported the genera- 
tion of macroscopic quantities of fully fluorinated bucky- 
balls KV,*). The resulting -teflon balls* may be amono 
the worths best lubricants. We do not know what the ful- 
lerenes buroeonlng traits will allow, but It would be sur- 
prising If the possibilities are not wonderful 




SUPDU^KTOlxrnNC EULLEJUDE forms when buckyballs 
wedoptd with pouirina fa the ratio of [diagram), 
producin* a crystal ihrtwnbtawn an. ^hJ^ 
aide subitrmtt iscannthg tunnding micrograph). 
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SIXTY-CARBON CLUSTER 

AUTUMN BOOKS 

Harvey Brooks Hendrik B. G. Casimir 

(transformation of MIT) (physics and physicists) 

P. N. Johnson-Laird Gordon Thompson 

(brain and mind) (dimensions of nuclear proliferation) 

Anthony W. Clare Jacques Ninio 

(psychoanalysis as religion) (origins of life) 

A. O. Lucas Edward Harrison 

(war on disease) (steps through the cosmos) 
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C„: Buckminsterfullerene 

H. W. Kroto\ J. R. Heath, S. C O'Brien. R. F. Cur! 
& R. E. Smalley 

Rice Quantum Insthuie and Department! of Chemisiry and Electrical 
Engineering. Rice Univeniiy. Houston. T"M 7725 t, USA 

During experiments aimed at understanding Ihe mechaoistns by 
which long-chain carbon molecules ire formed id interstellar space 
and eireumsUtl.r shells 1 , graphite has been vaporired by laser 
irradiation, producing . remarkably stable clasler consisting oT 
60 orboD Hon*. Concerning the question of what kind of 60- 
carbon atom structure might give rise to i superstate species, 
suggest a truncated icouhedron, a polygon with 60 vertices and 
31 faces, ! 2 of which are pentagonal tod 20 hexagonal. This object 
is commonly encountered as the football shown in Fig. I. The C» 
molecule which results when a carbon atom Is placed at each vertex 
of this structure has all vmlences satisfied by two single bonds and 
one double hood, has many resonance structures, and appears to 

be aromatic , 

The technique used to produce and detect this unusual 
molecule involves the vaporisation of carboir species from the 
surface of a solid disk of graphite into a high-denstty helium 
flow using a focused pulsed laser. The.vaporization User was 
the second harmonic of Q-switched NdLYAG producing pulse 
energies of -30 mJ.The resulting carbon clusters were expanded 
in a supersonic molecular beam, photoionixed using an excimer 
laser, and detected by time-of-flight mass spectrometry. The 
vaporization chamber is shown in Fig. 2. In the experiment the 
pulsed valve was opened first and then the vaporization laser 
was fired after a precisely controlled delay. Carbon species.were 
vaporized into the helium stream, cooled and partially equili- 
brated in the expansion, and travelled in the resulting molecular 
beam to the ionization region. The clusters were ionized by 
direct one-photon excitation with a carefully synchronized 
excirocr laser pulse. The apparatus has been fully described 

previously 3 " 5 . . 

The vaporization of carbon has been studied previously in a 
very similar apparatus 6 . In that work dusters or up to 190 carbon 
atoms were observed and it was noted thai for dusters or more 
than 40 atoms, only those containing an even number of atoms 
were observed." In the mass spectra displayed in ref.6. the Co 
peak is the largest for cluster sizes of >40 atoms, but it is not 
completely dominant. Wchave recently re-examined this system 
and found that under certain clustering conditions the C«, peak 
can be made about 40 times larger than neighbouring dusters. 

Figure 3 shows a series of cluster distributions resulting from 
variations in the vaporization conditions evojving from a duster, 
distribution similar to that observed in rcf. 3. to one in which 
C*o « totally dominant. In Fig. 3c. where the firing of thtvaporiz- 
alion laser was delayed until most of the He pulse had passed, 
a roughly gaussian distribution or large, even -numbered dusters 
with 38-120 atoms resulted. The C*o peak was largest but not 
dominant In Fig. 3b. the vaporization laser was fired at the time 
of maximum helium density; the C« peak grew into a feature 
perhaps five times stronger than its neighbour*, with the excep- 
tion of Cto. In Fig. 3a, the conditions were similar to those in 
Fir- 36 but in addition the integrating cup depicted in Ftg.2 
was added to increase the time between vaporization and 
expansion. The resulting duster distribution is completely domi- 
nated by C«. in fact more than 50% of the lotal large cluster 
abundance is accounted for by C»; the peak has diminished 
■ in relative intensity compared with C«; but remains rather 
prominent, accounting for -5% of the large duster population. 
• Our rationalization of these results is that in the laser vaporiz- 
ation, fragments are torn from the surface as pieces of the planar 
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graphite fused six- mem be red ring structure. We believe that the 
distribution in Fig.3r is fairly representative of the nascent 
distribution of larger ring fragments. When these hot nng clusters 
arc left in contact with high-denstty helium, the clusters equili- 
brate by two- and three -body collisions towards the most stable 
species, which appears to be a unique duster containing 60 

atoms. . 

When one thinks in terms of the many fused-nng isomers 
with unsatisfied valences at the edges that wquld naturally arise 
from a graphite fragmentation, this result seems impossible: 
there is not much to choose between such isomers in terms of 
stability. If one tries to shift to a tetrahedral diamond structure, 
ihe entire surface of the cluster will be covered with unsatisfied 
valences. Thus a search was made for some other plausible 
structure which would satisfy all sp 2 valences. Only a spheroidal 
structure appears likely to satisfy this criterion, and thus Buck- 
minster Fuller's studies were consulted (sec. for example, rcf. 
7). An unusually beautiful (and probably unique) choice is the 
truncated icosahedron depicted in Fig. I. As mentioned above, 
all valences are satisfied with this structure, and the molecule 
appears to be aromatic. The structure has the symmetry of the 
icosahcdral group. The inner and outer surfaces, are covered 
with a sea of v electrons. The diameter of this C M molecule is 
-7 A, providing an inner cavity which appears to be capable 
of holding a variety of atoms". 

. Assuming that our somewhat speculative structure is correct, 
there are a number of important ramifications arising from the 
existence of such a species. Because of its stability when formed 
under the most violent conditions, it may be widely distributed 
in the Universe. For example, it may be a major constituent of 
circumstellar shells with high carbon content. It is a feasible 
constituent of interstellar dust and a possible major site for 
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Tig. 2 Schematic diagram of the put"* supersonic nozzle med 
to generate carbon cluster beams. The integrating cup can be 
removed ai the indieattd line. The wporixaiion laser beam 130- 
40 mJ at 5)2 nm in a *-ns pulsel is focused through ihe nozzVe 
striking a graphiic disk *hich is rotated slowly 10 produce a smooth 
vaporization surface. The pulsed nozzle p»«s high-density hchum 
over this vaporization rone. This helium carrier gas prov.d« the 
(hermairzing collisions necessary to cool, react and ctutter-iht 
speciet in the vaporized graphite plasma, and ihe wind neewsan 
to carry ihe cluster product! through ihe remainder of- the nozzle. 
Free expansion of this cluster-laden gas at the end of the nozzle 
forms a supersonic beam *bich is probed 1.3 m downstream with 
a lime-of-flight mass spectrometer. 




44 * 52 60 68 76 84 
No. o) carbon atoms per duster 

Fig. J Time-of-flight mass spectra of carbon dusters prepared by 
laser vaporization of graphite and cooled in a supersonic beam. 
Ionization «u cficcxcd by direct one-photon excitation with an 
AiF eicimcr laser (6.4 eV. ] mJ on" 1 ). The three spectra shown 
differ in the extent of helium collision* occurring in the supersonic 
nozzle. In c, the eSeetivc helium density over the graphite target- 
was less than 10 ton— the observed duster distribution here is 
believed to be due simply to pieces of the graphite sheet ejected 
ia the primary vaporization process. The spectrum in fc was 
obtained when roughly 760 torr helium was present over ibc 
" graphite target at the time of User vaporizatiorL-Thc enhancement 
of C*j and C TO is believed to be due to gax.phase reactions at these 
higher dustering conditions. The spectrum in a was obtained by 
maximizing these duster thcrmaJization and duster-duster fac- 
tions in the 'integration cup* shown tn Fig. 2. The concentration 
of duster species in the especially stable form is the prime 
experimental observation of this study. 



surface-catalysed chemical processes which lead lo the forma- 
tion of interstellar molecules. Even more speculatively, C« 
or a derivative might be the carrier of the diffuse interstellar 
lines*. 

If a large-scale synthetic route to this C« species can be found, 
the chemical and practical value of the substance may prove 
extremely high. One can readily conceive of C» derivatives of 
many kinds— such as C» transition metaj compounds, for 
example, C«Fe or halogenaied species like Cufeo which might 
* be a super-lubricant. We also have evidence that an atom (such 
as lanthanum 1 and oxygen') can. be placed in the interior, 
producing molecules which may exhibit unusual properties. For 
example, the chemical shift in the NMR of the central atom 
should be remarkable because of the ring* currents. If stable in 
macroscopic, condensed phases, this C« species would provide 
a topologically novel aromatic nucleus for new branches of 
organic and inorganic chemistry. Finally, this espcdally stable 
and symmetrical carbon structure provides a possible catalyst 
and/or intermediate to be considered in modelling prebiotie 
chemistry. 

We are disturbed at the number of letters and syllables in the 
rather fanciful but highly appropriate name we have chosen in 
the title to refer to this C« spedes. For such a unique and 
centrally important molecular structure, a more condse name 
would be useful. A number of alternatives come lo mind (for 
example, ballene, spherene, soccerene, carbosoccer). but we 
prefer lo let this issue of noroendature be settled by consensus. 
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Energy. H.W.K. acknowledges travel support provided by 
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The Roval Swedish Academy of Sciences has decided to award the 1 996 Nobel Prize in Chemistry to 

Professor Robert F. Curl, Jr., Rice University, Houston, USA, 
Professor Sir Harold W. Kroto, University of Sussex, Brighton, UJC, and 
Professor Richard E. Smalley, Rice University, Houston, USA, 

for their discovery of fullerenes. 



Note: this document is made for Netscape 2.0 or later, and some pflhe chemical formulas might not appear as intended using 
other browsers. ■ 



The discovery of carbon atoms bound in the form of a ball is rewarded 

New forms of the element carbon - caUed.fullerenes - in which the atoms are arranged in closed shells 
was discovered in 1985 by Robert F. Curl, Harold W. Kroto and Richard E. Smalley. The number of 
carbon atoms in the shell can vary, and for this reason numerous new carbon structures have become 
known. Formerly, six crystalline forms of the element carbon Were known, namely two kinds of graphite, 
two kinds of diamond, chaoit and carbon(VI). The latter two were discovered in 1968 and 1972. 

Fullerenes 'are formed when vaporised carbon condenses in an atmosphere of inert gas. The gaseous 
* carbon is obtained e.g. by Meeting an intense pulse of laser light at a carbon surface.. The released carbon 
atoms are mixed with a stream of helium gas and combine to form clusters of some few up to hundreds 
of atoms. The gas is then led into a vacuum chamber- where it expands and is cooled to some degrees . 
above absolute zero. The carbon clusters can then be analysed with mass spectrometry. 

Curl, Kroto and SmaUey performed this experiment together with graduate students' J JL' Heath and S.C. 
OBrien during a period of eleven days in 1985. By fine-timing the experiment they were able in particular 
to produce clusters with 60 carbon atoms* and clusters with 70. Clusters of 60 carbon atoms, C^, were the 
most abundant They found high stability in C^, which suggested a molecular structure of great 
symmetry. It was suggested that C 60 could be a "truncated- icosahedron cage", a polyhedron with" 20 
hexagonal (6-angled) surfaces*and 12 pentagonal (5-angled) surfaces. The pattern of a European football 
has exactly this structure, as does the geodetic.dome designed by the American architect R. Buckminster 
Fuller for the 1967 Montreal World Exhibition. The researchers named the newly-discovered structure 
buckminsterfullerene after him, 
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The discovery of the unique structure of the was published in the journal Nature and had a mixed 

reception - both criticism and enthusiastic acceptance. No physicist or chemist had expected that carbon 
would be found in such a symmetrical form other than those already known. Continuing their work 
during 1 985-90, Curl, Kroto and Smalley obtained further evidence that the proposed structure ought to 
be correct Among other things they succeeded in identifying carbon clusters that enclosed one or more 
metal atoms. In 1 990 physicists W. Kratschmer and D.R. Huffman for the first time produced isolabie 
quantities of by causing an arc between two graphite rods to burn in a helium atmosphere and 

; t extracting .tlje carbon condensate so formed using an organic solvent They obtained a mixture of C^ and 

C 70 , the structures of. which could be determined* This confirmed the correctness of the C^, hypothesis. 

The way was thus open for studying the chemical properties of C^ and other carbon clusters such as C 70 , 

C 76 , C 7g and C g4 . New substances were produced from these compounds, with new and unexpected 

properties. An entirely new branch of chemistry developed, with consequences in such diverse areas as 
as'trochemistry, superconductivity and materials chemistry/physics. 

Background 

Many widely diverse research areas coincide in the discovery of the fullerenes. Harold W. Kroto was at 
the time active m microwave spectroscopy, a science which thanks to the growth of radioastronomy can 
be used for analysing gas in space, both in stellar atmospheres and in interstellar gas clouds. Kroto was 
particularly interested in carbon-rich giant stars. He had discovered arid investigated spectrum lines in 
their atmospheres and found that they could be ascribed to a kind of long-chained molecule of only 
carbon and nitrogen, termed cyanopolyynes. The same sort of molecules is also found in interstellar gas 
clouds. Kroto's idea was that these carbon compounds had been formed in stellar atmospheres, not in • 
clouds. He now wished to study the formation of these long-chain molecules more closely. 

• 

Hte got in touch with Richard E. Smalley, whose research was in cluster chemistry, an important part of . 
chemical physics. A cluster is an aggregate of atoms or molecules, something in between microscopic 
particles and macroscopic particles. Smalley had designed arid built a special laser-supersonic cluster. . : 
beam apparatus able to vaporise almost any known material into "a plasma of atoms and study the design 
and distribution of the clusters. His paramount interest was clusters of metal atoms, e.g. metals included - 
in semiconductors, and he often performed these mvestigatioas together with Robert F. Curl, whose 
background was in microwave and infra-red spectroscopy. 

Atoms form "clusters 

When atoms in a gas phase condense to form clusters, a series is formed where the size of the -clusters 
varies from a few atoms to many hundreds. There are normally two size maxima visible in the 
distribution curve, one around small clusters and one around large. It is often found that cer-tain cluster 
sizes may dominate, and the number of atoms in these is termed a "magic number' 1 , a term borrowed 
from nuclear physics. These dominant cluster sizes were assumed to have some special property such as 
high symmetry. 

r 

Fruitful contact 

. ' Through his acquaintanceship with Robert Curl, Kroto learned that it should be possible to use Smalley's 
instrument to study the vaporisation and cluster formation of carbon, which might afford him evidence 
that the long-carbon-chain compounds could have been formed in the hot parts of stellar atmospheres. • 
Curl cdnveyed this interest to Smalley and the result was that on 1 September 1985 Kroto arrived in 
SmaHey's laboratory to start, together, with Curl and Smalley, the experiments on carbon vaporisation. In 
the course of the .work it proved possible to influence drastically the size distribution of the carbon 
clusters where,' predominantiy, 60 appeared as a magic number but also 70 (Fig, 1). The research group 

• 
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now got something else to ihfnV about Instead of long carbon chains, the idea arose that the C^ cluster 

could have the structure of a truncated (cut oft) icosahedron (Fig; 2) since its great stability was assumed 
to correspond to a closed shell with a highly symmetrical structure. was given a fanciful name, 

bucknunsterfullerene, after the American architect R. Buckrninster Fuller, inventor of the geodesic dome. 
.This hectic period ended on- 12 September with the despatch of a manuscript entitled 

Buckminsterfullerene to Nature. The journal received it on 13 September and published the article on 14 
November 1985.' ... 

Sensational news 

For chemists the proposed structure was uniquely beautiful and satisfying. It corresponds to an aromatic, 
three-dimensional system in which single and double bonds alternated, and was thus of great theoretical 
significance. Here, moreover, was an entirely new example from a different research tradition with roots 
in organic chemistry: producing highly symmetrical molecules so as to study their properties. The 
Platonic bodies have often served as patterns, and hydrocarbons had already been synthesised as 
tetrahedral, cubic or dodecahedral (12-sided) structures. 



Carbon atoms per cluster 



Fig. 4 . . 
Using mass spectroscopy it was found that tfre size 
distribution of carbon clusters could be drastically 
affected by increasing the degree of chemical 



Fig. 2 



"boiling" in the inlet nozzle to the vacuum chamber. Models of the structures of C 6(J . (Acc. Chem. Res., 



Ousters with 60 and 70 carbon atoms could be 
produced. (Acc. Chem. Res., Vol. 25,-No. 3, 1992) 



Vol. 25, No. 3, 1992) 
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Further investigations 

To gain further clarity Curl, Kroto and Smalley continued their' investigations of C^. They attempted to 
make it react with other compounds. Gases .stich as hydrogen, nitrous oxide, carbon monoxide, sulphur 
dioxide, oxygen or ammonia were injected into the gas stream, but no effect on the peak recorded in 
the mass spectrometer could be demonstrated This showed that C w was a slow-reacting compound It 
also turned out that all carbon clusters with an even number of carbon atoms from 40-80 (the interval that 
could be studied) reacted equaHyslowly. Analogously with all these should then correspond to 
entirely closed structures, resembling cages. This was in agreement with Eider's law, a mathematical 
proposition which states that for any polygon with n edges, where n is an even number greater than 22, at 
least one polyhedron can be constructed with 12 pentagons and (n-20)/2 hexagons, which, in simple 
. terms, states that it is possible with- 12 pentagons and with none or more than one hexagon to construct a 
* . polyhedron. For large n many different closed structures can-occur, thus also for C^, and it was 
presumably the beautiful symmetry of.the proposed structure that gaVe it the preference; 

The combination of chemical inertia in clusters with even numbers of carbon atoms and the possibility 
thatall these could possess closed structures in accordance with Eider's law, led to the proposal that all • 
these carbon clusters should have closed structures. They were given the name fullerenes and conceivably 
an almost infinite number of fullerenes could exist The element carbon had thus assumed an almost 
infini te number of different structures. 

C M and metals 

• New experiments were rapidly devised to test the hypothesis. Since the C w structure is hollow, with 
room for one'or more pther atoms, attempts were made to enclose a metal atom. A graphite sheet was 

• soaked with a solution of a metal salt (lanthanum chloride, LaCl^) and subjected to 
vaporisation-condensation experiments. Masspectroscopic analysis of the clusters formed showed the 
presence of CggLa*. These proved to be.photoresistant, i.e. irradiation with intense laser light did not 
remove the metal atoms. This reinforced the idea that metal atoms were captured inside the' cage - 
structure. * " 

The possibility of producing clusters with a metal atom enclosed gave rise to wtat wa^ 
Shrink-wrapping" experiment. Ions of one and the same size or at least similar sizes were gathered in a 
' magnetic trap and subjected to a laser pulse. It then turned out that the laser beam caused the carbon cage . 
: to shrink by 2 carbon atoms at a* time: at a certain cage size, when the pressure on the metal atom inside 
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became too great, the fragmentation ceased. The shell had then shrank so that it fitted exactly around the . 
metal atom- For C^Cs* this size'was at C^C's* for C OT K + it was at and for C^ 4 at C 32 + . 

Further strong evidence gave rise to new chemistry 

At the end of the 1980s, strong evidence was available that the hypothesis was correct In 1990 the 

synthesis of macroscopic quantities of through carbon arc vaporisation between two graphite 

electrodes permitted the attainment of full certainty - the whole battery of methods for structure 
determination could be applied to and other fullerenes and completely confirmed the fullerene 

hypothesis. As opposed to the other forms of carbon the fullerenes represent well-defined chemical 
compounds with in some respects new properties. A whole new chemistry has developed to manipulate 
the fullerene structure, and the properties of fullerenes can be studied systematically. It is possible to • 

• produce superconducting salts of C 6Q) new three-dimensional polymers, new catalysis, new materials and 

electrical and optical properties, sensors, and so on. In addition, it has been possible to produce thin tubes 
with closed ends, nanotubes, arranged in the same way as fullerenes. From a theoretical viewpoint, the 
discovery of the fullerenes has influenced our conception of such widely separated scientific problems as 
the galactic carbon cycle and classical aromaticity, a keystone of theoretical chemistry. No practically 
useful applications have yet been produced, but this is not to be expected as early as six years after 
macroscopic quantities of fullerenes became available. . 
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Robert F. Curl Jr., was born in 1933 in Alice, Texas, USA: PhJD. in chemistry in 1957 at University of 
California, Berkeley, USA. Curl has since 1958 worked at Rice University, where he has been a professor 
since 1967. 
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at the University of Sheffield, UK. In 1967 he moved to the University of Sussex, where he still worics. In 
1985 he became Professor of Chernistry there and in 1991 Royal Society Research Professor. 
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the same university since 1990. Member of the National Academy of Sciences in the USA and other 
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